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The greater part of the papers and discussions presented at the Winter: | i 
Convention in New York, ‘January 27-31, 1930, are included in this issue, Boe 
| Number 2 of Volume 49 of the TRANSACTIONS: — ee aa i i 


The remaining Winter Convention papers, together with those presented — 
at the North Eastern District Meeting held in Springfield, Maseathucelaas iE: 
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The Metal-Clad Switchgear at State Line Station 


BY A. M. ROSSMAN* 


Fellow, A. I. E. E. 


Synopsis.—This paper describes a 22-kv. metal-clad outdoor type 
of switchgear. The design is a new departure from customary 
engineering practise in that all live parts are immersed in oil and 
enclosed in metal housings with each phase in its own independent 
compartment. 

The switchgear insures maximum safety to the operating and 


| hes State Line Power Station is located on the 
shore of Lake Michigan just east of, and adjacent 

to the boundary line between the States of Illinois 
and Indiana. This boundary line is also the eastern 
boundary line of the City of Chicago. The station is 
strategically located to supply electrical energy to the 
Chicago district, particularly to the industrial section 
that extends from the center of Chicago to east of Gary. 
The present plans for the ultimate station call for a 
generating capacity of 1,400,000 kw. 
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I1—DIAGRAMMATIC SCHEME OF CONNECTIONS SHOWING 
Matin Bus Bars, Reactors, AND FEEDERS 
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Reactance of each generator 15 per cent bus reactors 9.2 per cent based on 
maximum generator rating of 89,411 kw. 

The three generators of each unit are connected 120 deg. apart on the 
ring bus. There is one bus section per generator and the different bus 
sections are tied together through bus reactors 

When a generator is disconnected from the bus bars its corresponding 
bus reactor is automatically short-circuited so that only one bus reactor is 
in the circuit between any two adjacent connected generators < 


The initial installation is a three-machine unit rated 
208,000 kw. at 0.85 power factor. It is made up of a 
high-pressure turbine with generator rated 76,000 kw. 
at 0.85 power factor or 89,500 kv-a., and two low- 
pressure turbines with generators each rated 62,000 kw. 
at 0.85 power factor or 73,000 kv-a., and two, 4000 kw. at 


0.7 power factor auxiliary generators, one direct-con- 


nected to each low-pressure turbine. In order to keep 
currents within reasonable limits, the generators were 
wound for 22,000 volts. At this voltage, the large 
generator has a rated current of 2350 amperes. 
The initial electrical design problem was the develop- 
*Hlectrical Engineer, Sargent & Lundy, Chicago, Ill. 


Presented at the Winter Convention of the A. I. H. E., New York 
N.Y., Jan. 27-31, 1930, 


maintenance -personnel.and reduces construction costs for power 
station switching. 

The design is well adapted to mass production which should lead 
toward standardization resulting in a material savings in cost of 
manufacturing. 


ment of a system of connections that would handle the 
ultimate output of the station without excessive con- 
centration of energy under short-circuit conditions and 
which would also give such a balance of current flow in 
the bus bars that there would be no undue disturbance 
of current flow when a machine is connected to or 
disconnected from the bus bars. The diagram finally 
adopted is shown in Fig. 1. The diagram is shown in a 
somewhat. different form in Fig. 2. It utilizes a dupli- 
cate closed ring bus to which the three generators of a 
unit are connected 120 deg. apart. Adjacent generators 
are separated by bus reactors. The short-circuit kv-a. 
computed for five units (1,000,000 kw. at 0.85 power 
factor) are shown by the curves of Fig. 3. Attention is 
called to the fact ‘that with this system of connections 
there is little increase in short circuit kv-a. after the 
second unit is installed. The oil circuit breakers have 


Fig. 2—Rine Bus Diagram SHowine Onty One Bus 


a rated interrupting capacity of 2,000,000 kv-a. By 
spacing the three generators 120 deg. apart around the 
ring bus instead of connecting them to adjacent sections, 
the second objective—a better balance of bus bar 
currents—is achieved. 

The next major problem was to design a suitable bus 
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and switching structure. The conditions that were 
considered fundamental in this structure were: 

1. That the oil circuit breakers be located out of 
doors. 


Fires involving indoor switching equipment fre- 


quently fill the switchhouse with conducting gases 
which threaten and frequently cause secondary short 
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38—SHortT-CIRCUITING VALUES FOR STATE LINE STATION 


1—Gen. a = 72,900 ky-a. 
Gen. b = 89,400 kv-a. 
Gen.c = 72,900 ky-a. 
Total for 1 unit 235,200 kv-a. 
2—Backfeeds on each unit 
Gen. a &c = 1-20,000 kv-a. & 1-60,000 kv-a. backfeeds 
Gen. b = 2-60,000 kv-a. backfeeds 
38—Gen. reactance = 15.5% on all machines 
Bus reactance = 9.2% on 90,000 ky-a. 


Fig. 


circuits. Also, the dense clouds of heavy black smoke 
given off by the burning insulation and oil prevent the 
ready location and isolation of the faulty equipment, 
and retard the extinguishing of the fire. Experience of 
many years has shown that fires involving outdoor 
switching equipment are for the most part less dis- 
astrous to the equipment, and aremore easily controlled. 

2. That all live parts be enclosed in grounded metal 
housings, each phase in its own independent com- 
partment. 

While metal-clad compound-filled indoor type switch- 
gear has been built for many years, manufacturers of 
switchgear had not yet developed designs suitable for 
outdoor service. It was therefore necessary that 
studies be made to determine the fundamental prin- 
ciples of the design. 

First began an investigation of metals to determine 
which ones had characteristics which made them 
suitable for enclosures for the large conductors. During 
this investigation there were gathered together from 
manufacturers on both sides of the Atlantic a varied 
collection of plates and tubes of non-magnetic metals. 
These included manganese steel alloys, nickel chromium 
steel alloys, copper, and copper alloys. The tubes were 
of %-in. metal approximately 7 in. in diameter. In 
order to make the different materials comparable on 
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test, the plates were formed from 1%-in. material to the 


same diameter as the tubes, and then welded. 


Through the courtesy of the Public Service Company 
of Northern Illinois, which placed at our service the 
laboratory and personnel of its testing department, a 
series of thermal tests was run on these tubes. The 
most important test was one made by looping a con- 
ductor through all of the tubes in series and then 
passing through the conductor 60-cycle currents up to 


.4000 amperes. This test revealed.almost no difference 


in the temperature rises of the different tubes. This 
result was contrary to our expectation that eddy cur- 
rents would cause greater losses and consequently 
higher temperatures in some of the pipes. It was then 
decided to use copper, because copper is close grained, is 
cheaper than the other metals, is easily worked in a 
well-established industry, and successfully withstands 
wide changes in climatic and atmospheric conditions.. _ 

It was also shown by test that the metal pipes would, 
if grounded at both ends, set up sheath currents that 
caused excessive temperatures. Provision was there- 
fore made in the final design for insulating the pipe at 
one end and grounding it at one place only. A similar 
precaution was taken against tying together at more 
than one point, pipes carrying currents of different 


phases. 


TYPICAL COTTON CORD BINDINGS 


METHOD OF BINDING 
CABLE ENDS 


Fie. 4—Conpucror AnD Pirr ENcLosure, State Line STATION 


The next problem was to develop a small diameter 


conductor of large ampere carrying capacity with small 
skin effect. The General Electric Company kindly 
provided shop and laboratory facilities and the coop- 
eration of their engineers to build and test various 
types of transposed bar and stranded cable conductors. 
From these tests a satisfactory design was evolved. 
This consists of six 1,000,000-cir. mil stranded con- 
ductors laid around a hollow center core. Each strand 
is independently insulated. It was found by measure- 


= 


April 19380 ROSSMAN: 
ment that the a-c. 60-cycle resistance of this conductor 
was approximately 125 per cent of the d-c. resistance. 
(In a sample of the same size with bare strands this 
ratio was 168 per cent.) 

Fig. 4 shows a cross-section of the conductor and pipe 
in the completed assembly. Above this section is 
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shown the temperature distribution from conductor 
through the various media to the outside air with 2500 
amperes at 60 cycles flowing in the conductor. The 
temperature rise of the conductor is about 30 deg. cent. 

“While the performance of this conductor was satis- 
factory, it is now being superseded by one less costly to 
manufacture. 

Other details that involved much study, search for 
materials, and testing, were the junction boxes, ex- 
pansion fittings for both pipes and conductors, 
conductor terminals, devices for centering the con- 
ductors in the tubes, oil diaphrams, and insulating 
joints to prevent the flow of circulating currents in the 
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metal enclosures. A description of the various schemes 
considered, designs worked out, and models made and 
tested would unduly extend the length of this paper. 

A typical circuit bay as built and installed at State 
Line Station is shown in plan and sectional elevation 
in Fig. 5. All live parts are covered with a solid insula- 
tion. The space between the insulation and the metal 
enclosure is then filled with mineral oil. This gives an 
insulation designed to withstand a test of 85 ky. for one 
minute between the live parts and their metal enclo- 
sures. Ojil-tight barriers subdivide the oil reservoirs 
into nine compartments per bay. Oil is piped to these 
compartments from elevated conservators. 

Current transformers are bolted solidly to the con- 
ductors and are immersed in the oil which surrounds 
the conductors. 

Circuit breakers and potential transformers are 
detachable. They are raised and lowered by a portable 
motor operated elevator. This arrangement permits the 
elimination of disconnecting switches and very greatly. 
simplifies the interlocking. 

A plan of the complete switching structure of 23 bays 
with the transformers adjacent thereto is shown on Fig. 
6. A typical cross-sectional elevation is shown on Fig. 
7. Connections between ‘switching structures and 
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Fic. 6—GrnzraL ARRANGEMENT OF 22-Ky. Swironyarp— 
Strate Linz STATION 


power equipment are made with single-conductor, 
lead-covered cables through oil-tight cable end bells. 
The cables are supplied with oil by special independent 
expansion type oilreservoirs. Theend-bells es provided 
with insulating joints to prevent the flow of, circulating 
currents in the cable sheaths and to prevent the shunt- 
ing of fault currents to ground through the cablesheaths. 

Inasmuch as all live parts are surrounded by metal 
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enclosures which are in turn mounted on a metal 
supporting framework, it was only necessary to insu- 
late the supporting framework from ground to make it 
capable of utilization as a ground fault bus. This was 
done by inserting insulating blocks in the steel sup- 
porting columns and then grounding the upper struc- 
ture through current transformers. Any fault current 
must then pass through the current transformers to 
reach ground. Their secondaries are connected to 
relays which when they trip cause all the circuit breakers 
in that section to trip out and thereby isolate the section. 

As no live parts are exposed, it is possible for an 
inexperienced person to climb all over the switching 
structure without danger of electrocution. 

The structure at State Line Station was first ener- 
gized at 22 kv. on November 20, 1928. It has been 
delivering energy in commercial service since April 
8, 1929. 

The State Line equipment was shipped piece by piece, 
and much of the erection was carried on through the 
winter months. This method of erection, especially 
under cold weather conditions, was found to be slower 
and more costly than had been expected. To improve 
these conditions, a subsequent study has been directed 


Fic. 7—SrcrionaL ELEvAaTIon—22-Kyv. SwitcHyaRD—STATE 
LINE STATION 


toward modifying the design so that more of the parts 
could be assembled in the factory and fewer in the 
field. This study developed the more compact arrange- 
ment of parts shown in Fig. 8. Here, except for the 
normally detachable parts such as oil circuit breakers, 
potential transformers, and a few minor parts, all of the 
housings and all the current carrying parts of each 
circuit are assembled at the factory into three groups. 
In the field, these three group assemblies are elevated 
into position, one by one, by the oil circuit breaker 
elevator and are then bolted together. The new ar- 
rangement is but two-thirds as wide as the original 
arrangement. Twenty-five bays of this later design are 
now being built for the Powerton Power Station of the 
Super Power Company of Illinois located near Peoria, 
Illinois and it will be used on future extensions at 
State Line Station. 

The main objects of the metal clad design were to 
provide a structure that would: 

1. Insure maximum safety to the operating and 
maintenance personnel. 

2. Provide a thoroughly reliable switching equip- 
ment by reducing to a minimum the chance of a phase- 
to-phase short circuit, and 
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3. Reduce costs (a) by eliminating the switch house 
building; (b) by providing a switching arrangement 
that would lead toward standardization and would be 
susceptible of mass production as a complete factory- 
built unit. This will naturally tend to cut factory 
costs and to eliminate a great deal of field construction 
which is often done under adverse conditions. 

It is felt that these objectives have been achieved. 

In the development of this new type of bus and 
switching structure, advice was sought from and was 
freely given by many engineers and manufacturers, 
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both in this country and abroad. Special acknowledg- 
ment is due the General Electric Company for the 
interest it has shown in this new design and for the 
careful attention it has given to the manufacture of the 
State Line equipment to insure the success of this new 
and somewhat radical departure from customary 
engineering practise. 
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Discussion 


G. G. Cree: After many years of successful use of metal-clad 
switchgear in other lands, its adaptation to meet the demands of 
American practise on such a large scale deserves careful attention. 

Sufficient operating experience has already been obtained at 
Wheaton and State Line to warrant the further adoption of 
this type of heavy duty switching equipment. 

While reliability and safety to operating and maintenance 
staffs have been the main factors leading to the use of metal-clad 
gear, it is also true that for certain conditions it may be attractive 
on purely economic grounds. 

In heavy duty switching stations the total cost per switch 
position is composed of two elements, one a fixed charge un- 
affected by the kw. load on each circuit, and the other a variable 
proportional to that load. 

In comparing metal-clad gear with the two alternatives usually 
considered, namely, isolated phase indoor construction and 
adjacent phase outdoor construction, we find that the fixed 
charge per circuit is a much more important factor in the cost 
of metal-clad equipment than in the case of the more conventional 
alternatives. 

As a result, stations such as State Line and Powerton, from 
which the entire output is stepped up and transmitted to a 
distance, with the circuit loading reaching as high as 100,000 kw., 
might well adopt metal-clad designs for purely economic reasons. 

On the other hand, a typical station located within the con- 
centrated load area and fulfilling the dual functions of generation 
and distribution through a multiplicity of feeders, of say 6000 to 
10,000 kw., would normally have to rely on preference on the 
basis of safety, reliability, and ease of installation. 

The present trend is so clearly in the direction of placing large 
generating stations remote from the load center that rapid 
extension of the use of metal-clad switchgear of this type may be 
expected as its advantages become more apparent. 

An extension of the-generator bus at Cahokia was carried out in 
metal-clad gear, and due to special conditions is believed to show 
a saving in cost. 

It is to be hoped that there may be a tendency toward uni- 
formity in user’s specifications so that the standardization and 
mass production to which Mr. Rossman refers may be a reality. 

H. J. H. Huber: Mr. Rossman omitted one factor that I 
think is quite important. In working out the design for this 
metal-clad gear, many kinds of circuits were studied and the 
simplest circuit that would do the: job was the one that was 
adopted. Mr. Rossman’s. object, and also the object of the 
manufacturing companies’ engineers, was to get away from the 
present day custom-made. switch house construction. At the 
present time there is a tendency to design each station differently, 
and when an addition is made to a station, it generally is different. 
This keeps the manufacturers continually making new designs. 

It was our object, and also the object of the consulting engi- 
neers, to develop metal-clad switchgear which would be simple 
and which could be built over and over again. There will be 

-improvements, of course. The improvements will be in the 
details. 'The general scheme is what should be standardized, so 
manufacturers can get quantity production. Engineering, 
pattern, and tool expense will be reduced. This will be of great 
help to the purchaser and manufacturer, as it will reduce cost. 

Mr. Rossman mentioned this in his paper, but did not bring out 
this point in his presentation. 

Philip Sporn: I know personally that there have been many 
problems of design and construction that required a great deal of 
engineering ingenuity to work out. I think Mr. Rossman and 
his design associates are to be congratulated on the successful 
working out of some of these. There is one question, however, 
that hasn’t been brought out very forcefully, and that is the 
economics of the design. As Mr. Cree has pointed out, the 
design is fundamentally one that involves heavier fixed charges 
than any design heretofore developed. 
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The question that the designer of central stations today has to 
face, and that he will have to face more and more as the years go 
on, is the question of cutting down his expenses. It isn’t a 
question any more of getting something better that he has had 
heretofore, unless he can do it at less expense. While the design 
described offers possibilities of greater safety perhaps, it is 
doubtful whether it can be justified in the average system. The 
safety features of outdoor structures which have been developed 
in their many forms today are at a point where continuity of 
service can almost be forgotten. Where a large quantity of 
power can be concentrated on a single feeder, without doubt the 
design discussed can be justified. 


It was very interesting to find in the paper that Mr. Rossman 
decided to go to the outdoor design on the general principle of 
safety; in other words, that the outdoor design is safer than the 
indoor design. I know of at least one large system where that 
same problem was studied and a conclusion exactly the reverse 
was reached, namely, that the indoor design was fundamentally 
safer than the outdoor, and the indoor design is a course being 
followed. 


In connection with the switching layout, in which each line is 
given its own transformer bank, I should very much like to hear 
from Mr. Rossman, or from any of the Commonwealth Edison 
people, whether studies have been made to determine the effect 
on system stability of that type of construction. It seems to 
me that while it may work out all right at a certain point on the 
system, in general however, the breaking up of the system with 
the additional impedances in each line may result in many 
operating conditions that will be less stable with that set-up than 
with the standard bus arrangement. 


Another disadvantage of this arrangement is that it makes 
it impossible to supply the entire load of a district normally 
fed, say, by two lines through one line, a situation that might 
readily arise during sleet or other emergency conditions. Of 
course it can be done if the transformer banks are made 100 per 
cent larger than the normal rating. But again you are con- 
fronted with a situation of greater cost, which is the reverse of 
what most people are trying to accomplish today. 


E. C. Williams: The company which I represent has been 
experimenting since 1926 with the metal-clad type of switchgear 
referred to in Mr. Rossman’s paper. There is no statement of 
performance included in the paper, and I therefore wish to offer 
what our company has experienced. We have a total of 18 such 
installations either in service or on order. The voltages range 
from 2300 volts to 33,000 volts. We have on order one 132,000- 
volt equipment using this system with slight modifications. 


To date there have been no electrical failures chargeable to the 
metal-clad principle. In the original oil-filled installation which 
was operated at 33,000 volts, outdoor, three cases of porcelain 
failure have occurred, apparently due to incorrect mechanical 
design, which difficulty is rapidly beimg corrected. On this same 
installation the question of oil retention was a serious problem, 
but on later installations this is being taken care of successfully 
by the selection of proper materials. 


On the matter of cost, it appears rather early to judge, and 
there seems to be an unwarranted premature prejudice being 
worked up against this switchgear on this score. When all of 
the various factors which enter into switchgear total costs, such as 
equipment cost, installation labor, salvage value, maintenance 
charges, probable life, ete., are considered, the cost of this type of 
switchgear does not appear to be higher than that of the ordinary 
type. Also it cannot be doubted that this equipment is much 
safer than the open type equipment, and the value of this feature 
is sometimes beyond measure. 

Also it is reasonable that we can expect lower equipment costs 
ultimately through this principle, as under this arrangement 
the manufacturer can supply a complete switching machine 
which will no doubt lead to simplified standardized arrangements, 
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and the resultant lower costs which follow factory assembly on a 
mass production basis. 

This equipment seems to offer a means of reducing the cost of 
one of the most expensive parts of our plant equipment, and the 
operating companies should therefore cooperate patiently with 
the manufacturers in working out this problem. 

W. H. Colburn: No matter how much one favors a 
particular type of equipment from personal, theoretical, or 
academic considerations, economic considerations have greater 
weight and, in the end, will be found to govern. Hence experi- 
ment is the only admittable excuse for installing one type of 
equipment in preference to another to perform an identical 
function, unless it can be shown that earnings or savings, or 
both, will be increased thereby. Obviously the use of metal-clad 
switchgear cannot provide greater earnings except as it can 
provide distinct improvement in service continuity. This can 
but rarely be the case when compared with well thought out, 
conventional designs. Therefore, we must look to economies for 
major justification of the use of metal-clad equipment. Un- 
fortunately, Mr. Rossman has omitted discussion of the economic 
phase of this subject. 


Recently I examined the economic feasibility of using metal- 
clad outdoor equipment in a 25,000-volt substation, The con- 
elusions reached were that, with present manufacturing costs of 
metal-clad gear, the station diagram as well as the phase isolation 
requirements of the conventional design may be a controlling 
factor. For instance, admitting all safety and economy ad- 
vantages claimed for metal-clad equipment, and placing as much 
financial value as possible upon them, it was impossible to 
justify its use except as an experiment, for any case but a large 
switching center requiring a double bus with conventional 
thorough phase isolation. This case showed, however, a saving 
of approximately 10 per cent of the cost of conventional equip- 
ment to be expected by using outdoor metal-clad gear. 

From this study I am led to believe that anyone who will 
investigate will agree that this switchgear has such advantages 
that it will come into wider and wider use. When this becomes 
the case we may expect that manufacturing costs will be some- 
what further reduced, and that this equipment will come into 
competition economically even more with conventional equip- 
ment of various diagrams, thereby making possible still further 
economy. It seems evident that at present no major switching 
undertaking in the voltage ranges for which this equipment is 
suitable should overlook consideration of the use of this type 
of gear. 

M. M. Samuels: (communicated after adjournment) For 
a number of years I have been trying to digest the metal-clad 
idea, to weigh all the arguments for and against it. I must 
admit that I liked it and still like it, and I should be delighted to 
find some good sound economic reasons for it. To my own 
displeasure I have so far failed to find sufficiently convincing 
reasons for the adoption of the scheme, and I will attempt to 
summarize the various arguments which have been brought out 
against it in the hope that they will all be disproved. 

1. Boiled down to its basic principle it is comparable with a 
low-tension cable bus in a conduit, with a condulet or junction 
box at each joint, and compound or oil added as an additional 
precaution. This is one of the oldest methods of making a bus, 
and has all the drawbacks which induced engineers in the past to 
get away from it. I can even go a step further and recall that a 
few years ago on the occasion of removing an old rope-drive 
railway generator I found a piece of ancient cable which was made 
up of a brass pipe filled with compound and a conductor in the 
center. 

2. The old question, which has been repeated over and over 
again, is still unanswered: What if something happens to the 
bus? It wouldnot be easy to locate the fault and quite an elabo- 
rate processis required to repair it. The only answer I have heard 
so far is that nothing ever happens to it, an answer which I must 
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consider as foolish, because there is nothing built by human 
hands or by nature itself to which nothing ever happens. 


8. It is claimed that it is safer, that one can walk around or 
sit on top of it. As for myself, I have no desire to walk around or 
sit on top of switchgear,—the sidewalk and a chair serve my 
purpose much better. But when a statement is made that 
something is safer, one is justified in asking for accident statistics, 
to substantiate the statement. If there are such statistics they 
have escaped my notice, and I should like to be enlightened. 


4. It is claimed to represent a great economy in space. Per- 
haps so. But so far I can see only an economy in height. I 
never could find any economy in floor space; I always could find 
another type of switchgear either indoors’ or outdoors which did 
not require any more floor space or ground space, and in most 
cases required even less. Height is not so important as ground 
space, especially outdoors. 


5. When one breaker per circuit is used without by-passes, 
transfers, or other devices, or when there is sufficient money 
available as in the case of State Line, to use two breakers per 
circuit, the design is comparatively simple, especially when such 
excellent, ingenious designing is done as was done at State Line. 
But when money for two breakers is not available—and in most 
cases it is not—and when selectors, by-passes, or transfers are 
required, the thing becomes so complicated with oil or compound 
filled switchgear as to be practically impossible. 


6. There is nothing more standardized than switchgear, and 
yet manufacturers advise that there is very seldom any eall for 
even such a simple standard article as a standard switchboard 
panel. The electrical industry is developing very rapidly, and 
changes are called for at all times. Nothing installed in a power 
house can remain very long without requiring changes,—changes 
in capacity, changes in diagram, changes in relay systems and 
the corresponding additional or changed instrument trans- 
formers. Compound filled or oil filled switchgear, to say the 
least, make it very difficult to make such changes. 


7. Ihave not as yet seen a full hearted statement any place 
that it represents an actual saving in money, so I am assuming 
that it does not. If it does I should like to see some figures, 
submitted in such detail that they can be readily analyzed and 
criticized. 


8. One of the main advantages of this, as well as of the truck 
type switchgear, seems to be the elimination of the disconnecting 
switch, not so much for the reason that it is always only a neces- 
sary evil, but more for the reason that there is not a decent gang- 
operated disconnecting switch on the market. However, what 
will be done when disconnecting switches become an economic 
necessity as mentioned under 6? Why not concentrate and 
design a good disconnecting switch? 

In conclusion I want to repeat that I am not raising all these 
questions because I don’t like this type of switchgear. I do like 
it, and I was particularly impressed with the fine designing skill 
shown at State Line. But I should like to see some good sound 
economic reasons for this liking. So far, in my humble opinion, 
such good, sound economic reasons have not been presented. I 
should be delighted to find that they exist and that I have over- 
looked them. 

J. W. Bennett: (communicated after adjournment) Mr. 
Rossman’s paper describes a very interesting departure from the 
conventional in the design of power station switchgear. The 
equipment described possesses undoubted advantages from the 
point of view of safety and continuity of service, both of which are 
of great importance in the design of switchgear for any station. 
Use of this equipment, in its present state of development, seems 
to me to be somewhat limited by plant location and economic 
considerations. With increased use, some modifications in 
design, and consequent reduction of cost, this type of equipment 
should come into more general use. In its development’ the 
operating engineers should work closely with the engineers of the 
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manufacturing companies to the end that a standardized design 
may be developed as soon as possible. 

The arrangement of equipment described indicates possibilities 
for extensive development along this line and Mr. Rossman and 
his associates are to be congratulated upon their pioneer work in 
this field. 

A.-M. Rossman: Mr. Sporn raised the question of the 
reliability of outdoor versus indoor switching equipment. The 
point I stressed in my paper was that in case of a fault on outdoor 
equipment it does less damage to adjacent equipment and it can 
usually be cleaned up more quickly and easily than a correspond- 
ing indoor failure. You who are familiar with failures, especially 
in metropolitan systems, know what happens when an oil circuit 
breaker goes bad in a closed room. I don’t need to elaborate on 
that. In my own experience I know of no such disastrous results 
from the failure of an outdoor circuit breaker. 

Three speakers have discussed the economies of the metal-clad 
design. I might say with respect to the State Line equipment, 
that we got proposals on indoor isolated phase, on indoor grouped 
phase, and on metal-clad equipments, and we made very careful 
cost estimates of all three schemes. The outdoor metal-clad 
showed an appreciable saving over the other two. I want to say 
also that the actual installation cost was very close to the esti- 
mated cost. We also made studies based on using outdoor open 
type equipment, but found the layouts too dangerous for a 
station of the size of State Line with the amount of power it will 
handle. We abandoned them on that account. 


Mr. Williams discussed the matter of costs. JI am sorry he 
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didn’t feel free to give some actual figures with reference to costs 
of the 33,000-volt substations which his company has installed. 
I have seen some of these figures and was quite amazed that the 
saving in installation costs went so far toward offsetting the 
higher prices of the metal-clad equipment. 

Mr. Colburn referred to estimates made by him of the cost of 
25,000-volt substations and Mr. Huber has pointed out one way 
in which these costs can be kept down. 

Operators’ engineers have been prone to ask for almost any- 
thing they wanted in the way of electrical equipment because 
they usually design the structures in which these equipments are 
mounted and the equipment must fit the structures. Metal-clad 
equipment should be viewed from a different angle. In our work 
we have tried to keep the design just as simple and just as close to 
the elements as possible, with the idea that such a design is 
susceptible of standardization. If you are interested in this type 
of equipment, please do not ask the manufacturer for too much 
in the way of built-in testing facilities, or grounding facilities, 
or other special features that are peculiar to the practise of your 
company, but are not generally used by other companies. Put 
the special features into external devices that can be plugged 
into the standard switching structure. 

I hope that the design will soon crystallize into a form that will 
be acceptable to so large a group that it may be standardized and 
put into mass production, thus hastening the day when this 
type of equipment can be purchased at much lower prices than 
are possible today. Asan example of low prices due to standard- 
ized design, I cite the Ford automobile. ‘ 


Development of the New Autovalve Arrester 


BY J. SLEPIAN,* 
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Synopsis.—This paper describes the development of a new auto- 
valve lightning arrester operating on the principle of discharge in 
restricted passages. 

A brief résumé is given of the improvements in performance and 
size desired in lightning arresters. Reference 1s made to laboratory 
tests on insulation protected with arresters to determine the limits of 
discharge voltage required for good local protection. Oscillograms 
show that the new autovalve arresters meet these requirements. 
Successful operating experience with these arresters is stated to give 
Sinal verification of the results obtained in the laboratory investigations. 


NEED of Further Improvements in Arresters. 
| e Lhe composite experience of designers, manu- 

facturers, and users of protective equipment has 
indicated that the proper use of modern valve type 
arresters permits a radical reduction in the damage of 
apparatus by lightning. Lightning arrester engineers 
have realized, however, that the present available 
arresters have limitations in performance and in their 
application because of their size.1_ Experience indicates 
that available arresters may be expected to reduce the 
lightning damage to an unprotected system to about 
one-tenth or perhaps one-twentieth, but this is the 
limit of the arresters now generally available. 


In recent years the fact that instruments like the 
klydonograph and cathode ray oscillograph have been 
available has given a great impetus to investigations of 
lightning phenomena in general, including the charac- 
teristics of arrester types. A large amount of informa- 
tion has been collected and this helped to form better 
opinions of the requirements which lightning arresters 
should meet. The work done with these new tools has 
made possible the development of a new valve arrester 
which not only offers better electrical protection but 
also is reduced in size, thus opening up new possibilities 
of application including high-voltage line protection. 


The characteristics of this new arrester can be illus- 
trated best by referring to Fig. 1, which shows its 
maximum discharge voltage and the sharply defined 
cut-off which indicates true valve action. The ratio of 
the maximum discharge voltage of the arrester to the 
cut-off voltage, which is approximately equal to the 
crest value of normal line voltage for which the arrester 
may be used, is about 2.5. The present commercial 


autovalve arresters of line and station types have, for’ 


the same current, voltage ratios which are greater, as 
may be seen by referring to the oscillograms shown in 
Fig. 2. 
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The steps in the development of materials are described and the 
materials finally chosen and the design of arresters are considered. 

The performance is discussed and illustrated by oscillograms 
covering a wide range of currents, both with and without power 
voltage applied. 

The size of the new arresters is about one-half that of the present 
commercial autovalve arresters. One of the probable benefits resulting 
from this reduction in size is the possibility of making practicable 


the protection of high-voltage lines against lightning flashover. 
* * * * bo 


Extended tests in the laboratory on insulation 
protected with arresters have indicated that there is 
probably no deterioration of insulation with arresters 
having ratios not exceeding about2.5.2 Later experience 
with these new autovalve arresters having a ratio of 
about 2.5, in the field operating under all kinds of 
service conditions, has thoroughly corroborated the 
results of laboratory tests. It appears that it may 
eventually be feasible, with this new form of valve 


Fia. 1—VoutT-AMPERE CHARACTERISTIC OF A New AUTOVALVE 
ARRESTER COMPLETE WITH SERIES GAP 


The arrester is rated at 3000 volts r. m. s. or 4200 crest 


arrester, to reduce the protective ratio to less than 
21%. Since lower ratios than 2% are not necessary for 
the adequate protection of apparatus, arresters of these 
reduced ratios will be applied on the basis of their crest 
discharge voltage rather than their cut-off voltage. 
The cut-off voltage then will be considerably in excess 
of the maximum rated circuit voltage of the system to 


2. “The Ideal Lightning Arrester,’” by A. L. Atherton, 
Electric Jl., August 1929. , 
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which the arrester is connected, thereby providing a 
greater factor of safety against arrester failures caused 
by high dynamic voltage and increasing the reliability 
of the circuits without sacrificing protection. 

2. Principle of Operation of New Arrester. In a 
preceding paper by the authors’ it was shown that the 
properties of discharges confined to narrow passages 
are such that good electrical valve characteristics may 
be obtained bv the use of a block of slightly conducting 


Fig. 


COMMERCIAL 


2—Vout-AMPERE CHARACTERISTICS OF 
AUTOVALVE ARRESTERS WITHOUT SERIES Gaps 


The arresters are rated at 3000 volts r. m.s. or 4200 crest. The oscil- 
lograms to the left are of line type arresters with and without mica washers. 
Those to the right are of station type arresters 


porous material. This is the principle of the new 
autovalve arrester. Like the old autovalve, it depends 
for its valve characteristics on special forms of 
discharges in gases in which the voltage for maintaining 
the discharge is kept from falling much below the volt- 
age for initiating the discharge. 


3. Development of New Arrester. ‘The principle of 
operation referred to above and described in the authors’ 
previous paper, broadly defines the mechanical and 
electrical properties of the materials to be used in the 
structure of the valve element. In the development of 
the arrester it was necessary, however, to determine the 
range of materials which is suitable, the permissible 
range of fineness of these materials, the cross-section and 
lengthof the element, and to make a careful study of the 
effects of variation in the methods of manufacture. 
The materials selected as the component parts of the 
porous element are fabricated into cylindrical blocks of 
the desired cross-section and convenient length. Each 
one of these then provides a unit with valve character- 
istics. At the present time the blocks are made in units 
rated at 3000 volts maximum, one inch long and two 
inches in diameter, this cross-section providing sufficient 
discharge capacities for line type arresters. 


The blocks contain insulating and conducting ma- 
terials. A great deal of attention was devoted to the 
problem of binding these materials with organic and 
ceramic bonds. In many cases it was found that the 
organic bonds did not offer the stability and permanence 
and presumably mechanical strength, which were ob- 

3. The Theory of a New Valve Type Arrester, by J. Slepian, 


R. Tanberg, and C. E. Krause, A. I. E. E. Quarterly TRaNs., 
Vol. 49, January 1930. 


DEVELOPMENT OF THE NEW AUTOVALVE ARRESTER 


405 


tained with the use of ceramic bonds. The latter made 
it possible to make structures having a greater uniform- 
ity of pore sizes and thus reduced the chance of large 
holes forming through the material which might impair 
the cut-off action. 

In the course of the experimental work, numerous 
materials were tried and several thousand arrester 
elements of various types manufactured, these generally 
consisting of a specially prepared clay which is care- 
fully ground to obtain the proper fineness, with a small 
amount of conducting material added to initiate the 
discharges in the pores provided by the granular insu- 
lating material. The range of conducting materials 
which may be used is large. For example, good results 
were obtained by the authors with metals such as brass, 
aluminum, iron, nickel, and copper; with ferro-alloys 
such as ferro-silicon, ferro-tungsten, and _ferro- 
manganese; with refractories such as graphite and 
carborundum; with minerals such as rutile, coal, coke, 
and many other materials. The proper amount of new 
kinds of conducting material to try out in these blocks 
was arrived at from a general study of the volume of 
conducting material required. 

The two kinds of material, namely, conducting and 
insulating, are thoroughly mixed together and pressed 
into blocks having the proper porosity. If the material 
is coarse, the cut-off gradient will be quite low, while if 
it is very fine, the gradient will be high. Studies of this: 
nature revealed that the desirable structure to use in 
lightning arresters was not the finest which was tried, 
having a high cut-off gradient. These extremely fine 


Fie. 3—New Avrovatve ARRESTER HLEMENT 
Rated at 3000 volts, after it has been copper sprayed and insulated 


materials as a rule are not as permanent, although it is 
possible to construct workable arresters with voltage 
ratios as low as 1.4. Permanent structures, somewhat 
coarser and thicker for a given voltage rating, gave 
ratios around 2.5. This latter type of block was chosen 
as the desirable one to use in arrester designs at the 
present time since its ratio falls within the limits of 
adequate protection and its size is small. 

The preferred shape of element is a cylindrical block, 
since elements of this kind are simple to manufacture 
and can be assembled conveniently in porcelain casings 


406 


of designs which are comparatively easy to make. The 
thickness of these blocks is proportional to the voltage 
for which they are intended to be used and their cross- 
section may be made to suit the discharge current 
requirements. 

The blocks or arrester elements are sprayed with 
copper on the parallel faces by the Schoop spray process 
to insure a good electrical contact, leaving a small 
unsprayed rim near the edges to eliminate the possibility 
of particles of copper getting on the other surfaces. The 
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cylindrical surface of the blocks is then insulated with a 
coat of cement to prevent any chance of flashover due to 
surface creepage and the blocks are then ready to be 
used for assembly in arresters. See Fig. 3. 

Completely assembled arresters are built up by stack- 
ing the blocks one above the other in a porcelain casing, 
the number depending upon the voltage rating of the 
arrester. A spark-gap is placed in series with the 
assembled element. 

4. Electrical Characteristics of New Arrester. Volt- 
ampere characteristic curves have been made on many 
of the 3000-volt arrester elements to determine the 
maximum discharge and cut-off voltages and their ratios 
with various discharge currents ranging from 12 am- 
peres to about 1100 amperes. These tests were made 
by means of a DuFour type cathode ray oscillograph 
used in conjunction with the unique circuit devised by 
Harrington‘ for simultaneously tripping off the impulse 
circuit, which. is the source of test voltage, and the 
cathode ray oscillograph used for measuring arrester 
performance. Refer to Fig. 4. The results of these 
tests can be explained best by referring to the oscillo- 
grams shown in Fig. 5. It will be noted that for current 
densities of the order of about 4 amperes per square inch 
the voltage ratio is about 1.8, while for the higher current 
densities of the order expected from lightning discharges, 
it is about 2.5. The low-current oscillogram is in- 
teresting in that it shows the nature of the cut-off at 
extremely low current densities. The oscillogram 
showing only the first part of a high-current character- 
istic was produced by allowing the cathode beam to go 


4. “Technique of the DuFour Cathode Ray Oscillograph,”’ 
by G. F. Harrington and A. M. Opsahl, Electric Jl., August 1927. 
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off the film and is included to give a magnified picture 
of the cut-off at the higher current densities. 

The practical arrester as applied to circuits is so 
designed that the cut-off voltage is close to the crest of 
the arrester’s voltage rating in order that only a small 
current is permitted to flow through the arrester follow- 
ing the passage of a lightning discharge. This small 
leakage current is interrupted by the series gap. If the 
cut-off voltage is much less than the rated voltage of the 
arrester, considerable line current will follow the light- 
ning discharge, the amount depending upon the magni- 
tude of the cut-off voltage. Thus, by maintaining a 
high cut-off without altering the crest of about 2.5 times 
the system voltage the arresters may be made safer 
against dynamic over-voltage. It is also desirable to 
keep the cut-off voltage as high as possible so that the 
volt-ampere loop will be narrow and more energy 
extracted from the surge as its voltage is decaying. 

The sharp cut-off action of the new arresters discussed 
and illustrated above by oscillograms covering a wide 
range of currents indicates that arresters of this type 
should not allow a large power current to follow a light- 


ning discharge when they are connected to a source of 


power voltage as they normally would be in practise. 
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Fic. 5—Vott—Amprere CHARACTERISTICS OF 3000-VoLT 
ARRESTER ELEMENTS WITH VARIOUS VALUES OF SURGE CURRENT 


Oscillogram Voltage ratio Maximum current density 
C-303-AA iis: 4 amperes per sq. in. 
O-303-AC 2.5 140 s oe ae 
C-303-AE 2-6 320 s hee! 
C-303-AH 2.6 350 ui a ey 


In order that this may be checked, oscillograms were 
taken with arresters connected to a source of power of 
large capacity and whose voltage is equal to that of the 
maximum ratings of the arresters being tested. An 
oscillogram obtained in this manner on a 15-kv. arrester 
is shown in Fig. 6. It will readily be seen that the cur- 
rent which follows the discharge, indicated by the small 
break in the zero current line, amounts to only a little 
over an ampere and lasts for a fraction of a half-cycle 
of the 60-cycle voltage. Currents of this order of 


April 1930 


magnitude and duration are not sufficient to interfere 
with the operation of the arrester. 


5. Size of New Arrester. The new autovalve 


arrester elements are of such small size that a block one 
inch thick is good for a maximum rating of 3000 volts 
Tiel. ‘8. 


This has made it possible to reduce the size 


Fig. 6—OscittoGram SHOWING PoweER Foutow on a 15-Kyv. 
New AvTOVALVE ARRESTER 


Note that the power follow current is only a little over one ampere. — 


This oscillogram should be compared with the volt—ampere curve shown 
in Fig. 1 


of arresters, particularly those of high voltage, partly 
because of the small size of the porcelain casings which 
are required and partly because of the reduction in size, 
and in some cases the elimination, of the supporting 
structures. This reduction in size of high-voltage 
arresters has made it possible to install arresters in 


Fig. 7—CoMPaRATIVE Size oF 3000-VoLtT oo 
or THE NEw AnD Ox_p AvUTOVALVE TyP 


Note that the new type is only one-half as large 


existing substations where space limitations do not 
permit the application of the arresters now in general 
use. These new autovalve arresters are light in weight, 
require little space for their installation, are simple to 
install, and the expense of transportation is considerably 
reduced. 


DEVELOPMENT OF THE NEW AUTOVALVE ARRESTER 


407 


The small size of the new arrester is indicated in Figs. 
8, 9, and 10, which show the new arrester compared to 
a present standard autovalve of the same voltage 
rating. 

The reduction in size and weight makes it possible to 
suspend arresters of this type from the station structure, 
or even from the transmission line towers, thereby 
entirely eliminating the requirements for arrester space 


Fig. 8—CoMPaRATIVE S1zE or 3000-Voutt New anv Oxp LINE 
Typr AUTOVALVE ARRESTERS 
It will be noted that the new arrester is smaller 


Fira. 9—CoMPARATIVE S1zE or 25-Kyv. New Aanp Op Ling TyPE 
AUTOVALVE ARRESTERS 
The arrester on the right is the new type. 


inastation. This possibility is of particular importance 
in the field of line protection for high-voltage systems. 
It has been realized for some time that distributed 
lightning protection, that is, the placing of arresters at 
intervals along a transmission line, will not only de- 
crease the lightning hazard to station apparatus but 
will also greatly reduce the likelihood of insulator 
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flashovers on the line, the degree of reduction effected 
being a function of the density of the distributed 
arresters. Heretofore such distributed protection has 
not been considered economically practicable because of 
the size and weight of the present available arresters. 
The new valve arresters described in this paper bring 


Fra. 
Typr AUTOVALVE ARRESTERS 


Fic. 11—New Avrovatye Linr Typs ARRESTER USED FOR 
110-Kv. GrounpED NruTRAL SERVICE 


this method of protection within the realm of practical 
use. High-voltage line type arresters of the new con- 
struction are little different in size from the strings of 
insulators generally used. Incorporating arrester 
elements in insulator strings may be a development of 
the future. 

It may now be economically feasible to increase the 


SLEPIAN, TANBERG, AND KRAUSE 


10—Comparative Size oF 73-Kv. New Anp OLD_STATION 


Transactions A. I. E. E. 


reliability of existing lines which suffer from outages 
caused by lightning flashover by the installation of 
arrester protection. The effect of an efficient line 
arrester on construction of new lines may be consider- 
able. Such an arrester, besides reducing the likelihood 


Fic. 12—A 100-Kv. Transmission Linge Prorecrep with NEw 
Avto-VALVE ARRESTERS 


| The small size of the new arrester has made high-voltage line protection 
practicable for the first time 


Fic. 13—Onz or tHE New ArresteRS SUSPENDED FROM ONE 
Puase or A 110-Kv. Transmission LINE 


The installation in this case was made at a substation to serve both 
for line and station protection 


of lightning outages, permits a reduction in the lengths 
of the insulator strings now used to increase the re- 
liability of a line. This decrease in insulators in itself 
involves but a small saving, but theresultant decrease in 
crossarm spacing and tower height reduces the cost of 
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construction considerably. With impulse voltage data 
available on insulating structures and arrester per- 
formance, and with field data on the character of 
lightning disturbances being accumulated by means of 
cathode ray oscillographs, it appears that in a short 
time it may be practicable so to rationalize the insula- 
tion and protection of a system that lightning outages 
will be reduced to the optimum economical minimum. 

A number of installations of high-voltage line type 
arresters has been in service during the past season, 
chiefly for the purpose of determining the degree of 
benefit actually obtained in reducing line flashovers, 
and to secure operating data on the desirable spacing of 
arresters for this purpose. Figures 11, 12, 18, and 14 
show the type of arrester used and its method 
of mounting. 


Fic. 14—A Crosn-Up View or a 66-Kv. ARRESTER 
INSTALLATION 


Note that the arrester protecting the top phase has an open gap while 
those on the other phases are equipped with enclosed gaps 


6. Arrester Installations and Experience. Exhaus- 
tive laboratory tests on the new valve arrester at the 
factory had thoroughly proved its remarkable per- 
formance. However, since laboratory experience must 
finally be substantiated by successful results in service, 
it was thought desirable to place a number of these 
arresters in service in the field as a final verification of 
their performance. Tests of this type offer the only 
opportunity to gain operating experience with arresters 
connected to complicated networks providing a multi- 
plicity of circuit conditions which can only be repro- 
duced in part in the laboratory. 

Such a procedure is always advisable before any new 
piece of electrical apparatus is produced in large quanti- 
ties, since it gives the manufacturer an opportunity to 
correct minor defects or make additional improvements 
in the final design while the field tests are progressing on 
a comparatively small scale. 
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Numerous arresters were installed in all sections of 
the country, both on grounded and ungrounded elec- 
trical. systems of various voltages, in order that the 
maximum number of operating conditions would be 
secured, due partly to differences in the behavior of 
electrical systems themselves and partly because of 
atmospheric variations such as differences in altitude 
and the amount and kind of impurities contained in the 
air. The first of these arresters were installed on a 2300- 
volt system about August 1, 1928. Other installations 
with higher voltage arresters rapidly followed; these 
included station type arresters of 73-kv. rating, until by 
the end of 1928 over 1200 arresters had been placed in 
the field. Additional installations were made during 
1929 and by the end of the lightning season, over 1500 
additional arresters had been placed in service, includ- 
ing high-voltage line type arresters and station ar- 
resters of 132-kv. rating. The arresters installed to date 
include all voltages from 3 kv. to 132 kv. and thus 
represent a wide range of operating conditions. These 
field tests will be continued. 


Thus far, with over 2500 arrester years of service 
experience, the operating record has been remarkably 
good. There have been a few disputable cases of small 
low-voltage transformer failures. A few arresters of the 
lower voltage classes have been damaged because of 
mechanical defects which only service experience will 
revealand providetheremedyfor. Onehigh-voltageline 
type arrester out of a total of 200 was damaged, ap- 
parently due to a close-by direct stroke because a 
klydonograph connected to another phase of the same 
circuit at the same location was destroyed at the 
same time. 

Such a service record, it is felt, has been encouraging 
and has undoubtedly established the performance of 
these new valve type arresters. 

” Conclusion. This development has made pos- 
sible arresters of reduced size. At the same time it has 
brought about performance improvements. As a 
result of the size and performance improvements, it 
makes practical for the first time the protection of high- 
voltage transmission lines. 

In conclusion, the authors wish to thank Messrs. 
A. L. Atherton and E. Beck for the strong support they 
have given during the development of the new autovalve 
arrester, as well as for their valuable suggestions in the 
preparation of this paper. Others whom the authors 
wish to thank for the aid they have given in suggestions 
or in making tests include principally Messrs. A. M. 
Opsahl, H. M. Kraner, M. E. Gainder, R. A. Wycoff, 
and L. R. Smith. 


Discussion 
For discussion of this paper see page 417. 
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Thyrite 
A New Material for Lightning Arresters 
K. B. Mc EACHRON: 
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Synopsis.—A new material has been developed which is pe- 
culiarly adapted for use in lightning arresters. It is physically 
similar to dry process porcelain and it can be made in any shape 
that can be successfully moulded. The manufacturing processes 
have been perfected so that the electrical and mechanical characteris- 
tics can be duplicated or varied as desired within practical limits. 

This material, which is called thyrite, does not follow Ohm’s law, 
for each time the voltage is doubled the current increases 12.6 times. 
The ratio of change of current to change in voltage is constant over 
ranges of current of 10,000,000 to one. This means the resistance 
decreases as the current and voltage increase. The resistance at any 
particular value of voltage or current is fixed by the physical dimen- 
sions of the piece. It is slightly lowered at high temperatures but 
returns to normal when cooled. The resistance does not depend 
upon the rapidity of current or voltage change and it is unaffected by 
long service. Because of these definite characteristics of thyrite the 
action of lightning arresters can be accurately calculated for the first 
tame. 

Thyrite is now being used experimentally in three types of light- 
ning arresters. The station type 1s made in 11.5-kv. sections, each 
one containing its own gap unit so that no series arrester gap is 
required. These gap units have the desirable property of sparking 


LIGHTNING arrester to be successful today must 
be able to protect apparatus from the harmful 
effects of ightning and must prevent or suppress 

the flow of system follow current after the discharge 
has passed through the arrester. After functioning, 
the arrester should be in condition to immediately 
repeat its operation without alteration of these two 
essential properties. 


THE IDEAL ARRESTER 


It is usually of value to set up an ideal in order that 
one’s approach may be orderly and consistent. The 
ideal arrester may be defined as one which passes zero 
current as the applied potential is increased until the 
critical discharge voltage, set by the designer, is reached, 
when current begins to flow in whatever amount is 
needed to hold the potential across the arrester con- 
stant at the initial discharge value. The current ceases 
when the applied potential drops below the critical 
value for the arrester. The critical voltage for such an 
arrester should be unaffected by the rate of voltage 
application, in other words it should have no time lag. 
The volt-ampere characteristic of such an arrester is 
shown in Fig. 14. Fig. 1B shows voltage waves of 
-various steepness, held down to the same critical voltage 
at the arrester. With such an arrester the effects of 
wave front, duration of the wave (lightning), and maxi- 
mum current are removed from the discussion. 
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over at practically the same voltage irrespective of wave front. The 
11.5-kv. sections are assembled in the field in the same manner as 
pedestal insulators. 

The distribution arresters are smaller than those of the station 
type and have but one-fourth of the impulse current carrying ca- 
pacity. For discharge currents up to 1000 amperes neither of the 
arresters will allow more than 2.8 times the arrester rating in crest 
volts to appear across tt. 

The third type of arrester 1s wncorporated directly in the trans- 
mission line suspension insulators and is designed to absorb a 
considerable portion of abnormal surge energy, as well as to protect 
the insulators from flashover. 

This new line of lightning arresters has the following advantages: 

1. Ample protection for all insulation. 


Conservative factor of safety from failure. 
Permanence. 
Small size and weight. 
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Low installation cost. 


6. Invariable characteristics and predictability of results for any 
given condition. 
7. Characteristics which can be measured by the user. 


Since we are striving to approach the ideal it is worth 
while to consider the meaning of these ideal character- 
istics. If the potential remains constant for any cur- 
rent then the resistance varies from infinite resistance 
at zero current to zero resistance at infinite current. 
Thus the R J curve is an equilateral hyperbola and its 
equation is R I = C where C is numerically equal to 
the critical voltage. This curve is shown in Fig. 1c. 
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Fig. 1—Ipran LigHTninc ARRESTER CHARACTERISTICS 
If log R is plotted against log J, as in Fig. 1D, then 
the curve is a straight line having a slope of 45 deg. 
This slope is important for in the general equation which 
is R I = C the exponent a is the slope of the R J curve 
when plotted on log-log paper. Thus for the ideal 
case, the slope is one (tan 45 deg. = 1) and the equation 
is RI’ =C, When J = one ampere then R = C, no 
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matter what the exponent may be. Thus when a 
and C are known the characteristic is immediately 
known, for C determines the position of the curve and 
a determines its slope. 


LIGHTNING ARRESTER MATERIAL—THYRITE 


In the search for a suitable arrester material the first 
requisite is that it shall have a slope similar to that of 
Fig. 1p, although it may not be possible to reach the 
ideal and get a slope of one. If possible, the character- 
istic should not be affected by the rate of voltage appli- 
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Fig, 2—CuaractTeristic #-J anp R-I Curvus 


For a thyrite disk 6 in. in diameter and 34 in. thick 


cation or the rate of current rise through the material. 
Its characteristic should not be affected by whether the 
current is increasing or decreasing. Other desirable 
characteristics are: reproducibility, permanence, ability 
to return to its original characteristics if overheated, and 
other properties of a similar nature. 

A search for such a material having the properties 
described was begun in 1923 and this paper is the first 
public announcement of the results of that work. A 
material has been developed having mechanical prop- 
erties somewhat similar to those of dry process porce- 
lain, but possessing the remarkable property of being 
substantially an insulator at one potential and a good 
conductor at certain higher potentials. This material 
called thyrite? represents a new class of conductor which 
covers the middle ground between the insulator and the 
conductor. : 

No attempt will be made here to describe the manu- 
facture of thyrite, except to state that its. successful 
production involves the very accurate control of a large 
number of variables. This has been accomplished so 
that it now appears that thyrite can be manufactured 
within sufficiently close limits for successful operation. 
At the present time thyrite for arrester use is manu- 
factured in the form of disks, six inches in diameter by 
three-quarters of an inch thick and also three inches in 
diameter by one inch thick. It probably can be made, 
however, in any form which can be moulded. 

In Fig. 2 are plotted the E I and R I characteristics 
for a six-inch thyrite disk for which a = 0.72 and 
C = 580 respectively. When considering the applica- 


2. Thyrite—meaning gate or opening. 
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tion of thyrite it should be noted that the constant 
varies directly as the thickness of the piece but not 
inversely with the area as does the ordinary resistance. 
For instance, with an exponent of one, the constant for 
the piece depends on the length but is independent of 
the area. To make this clear, we may consider the 
effect of doubling the area, remembering that the 
constant is defined as the resistance at one ampere, 
which, with an exponent of one, is inversely pro- 
portional to the current. By doubling the area, the 
current in the original area is reduced to one-half, but 
the resistance of each half is thereby doubled and so the 
total resistance remains unchanged. It should be noted 
that these relationships are dependent upon the defini- 
tion of the ‘‘constant”’ as the resistance at one ampere. 
As the exponent approaches zero as a limit these 
relationships approach those of the ordinary resistor. 

It is interesting to note the wide range over which the 
change of resistance with current takes place, the 
available data showing that the law holds over current 
ratios of 10,000,000 to one. Each time the voltage is 
doubled the current increases 12.6 times for thyrite 
with an exponent of 0.72, thus if the potential increases 
16 times the current increases 25,000 times. 


TIME LAG 


Although thyrite may possess time lag, yet up to the 
present time the tests made have not disclosed its 
existence. One of the best illustrations of this charac- 
teristic is shown in Fig. 3, which shows test results 
taken on 90 disks connected in series. The characteris- 
tic of each disk was first determined with direct current 
using a potentiometer up to 0.1 ampere. The exponent 
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Fig. 83—Tzsts on Ninety 6 sy x-In. Tuyrite Disxs 


With a-c., d-c. and impulse 


for the entire stack was found to be 0.7 and the constant 
500 per disk. The whole stack was next tested with 
alternating current with sufficient potential so that a 
crest current of nearly four amperes flowed through the 
stack. Oscillograms were taken and the instantaneous 
resistance calculated and the results are plotted as in 
Fig. 3. The stack of disks was then tested with a 
million-volt impulse generator, the current being de- 
termined by the voltage drop across a series water 
tube. The voltages were determined by sphere-gap 
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measurement. These results are also given in Fig. 3 
and fall on the same straight line as the data taken with 
alternating current and direct current. That the results 
fall so nicely on the same characteristic with such 
widely varying wave front shows clearly that no 
measurable time lag exists. That there should be no 
timelagseems reasonable for the material always acts as 
a resistance, and its operation does not depend on any 
ares or sparks or the breakdown of any dielectric. 

A large amount of other data has been taken since 
that shown in Fig. 3, in which the cathode ray oscillo- 
graph has drawn the volt-ampere curve. These data 
have always fallen on the same straight line as the 
characteristics obtained on the same piece with direct 
current, so that today the men working in the labora- 
tory with this material under transient conditions, 
trust its faithful performance of its characteristic as 
much as they would the performance of a piece of 
nichrome wire or other similar resistor. 


OPERATION ON ALTERNATING CURRENT 


Since the current varies as the q Power of the 


i —_ 


voltage, with an exponent 0.72 the current will vary as 
the 3.57 power of the voltage. With a sine wave of 


4—OSCILLOGRAM SHOWING WAVE ForM oF CURRENT 
PRODUCED BY A SINE WAVE VOLTAGE 


Fig. 


applied potential, the current wave will not be a sine 
wave. An oscillogram showing the wave form of the 
current is given in Fig. 4. In case the potential wave 
contains tooth ripples, these will be greatly magnified 
on the crest of the current wave. It should be noted 
that the current wave is perfectly symmetrical, illus- 
trating the fidelity of the material whether the current 
is increasing or decreasing. As will be seen later, this is 
just as true for an impulse lasting but a few millionths 
of a second. 

Because the current wave is not a sine wave, it is 
desirable always to speak of both the voltage and 
current in terms of actual instantaneous values and not 
effective values. Thus, with the ordinary resistor, one 
may find the corresponding current from either the 
effective or the crest voltage, but with thyrite, if the 
potential is given in effective volts it must always be 
changed to crest volts and the crest current found. If 
energy loss in the piece with an applied sine wave 
voltage is desired, the product of the crest voltage and 
the crest current is to be multiplied by a factor taken 
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from Fig. 5 for the particular exponent possessed by 
the piece. 


EFFECT OF CHANGE IN TEMPERATURE 


The effect of increase in temperature is to lower the 
resistance of the material, especially at the weaker 
current values. The results of a series of tests to 
determine the effect of temperature are given in Fig. 6. 
When cold, the original values reappear. These data 
indicate that for the usual temperature changes in an 
arrester under operating conditions, the effect on the 
resistance will be small. 


4 
ExPonent 
Fie. 5—Ratio or AVERAGE PowER EXPENDED IN THYRITE TO 
THE Maximum INSTANTANEOUS POWER 


With a sine wave of voltage applied 


PERMANENCE AND LIFE 


Several samples of the first thyrite made have been 
on life test for more than five years, and tests at frequent 
intervals have shown the characteristics to be practi- 
cally unchanged. The samples were connected to an 
1100-volt, 60-cycle source, the current through the 
pieces being sufficient to raise their temperature to 
about five degrees above the room temperature. Other 
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Fie. 6—Hrrecr or TEMPERATURE CHANGE ON RESISTANCE OF 
THYRITE WITH VARIOUS CURRENTS 


tests have been made in which the sample was exposed 
to the weather for a year with various degrees of pro- 
tection from the weather and no deterioration has been 
detected either by inspection or electrical tests. Still 
other samples have been tested with both impulse and 
alternating current applied and no changesin the material 
were noted, even after several hundred impulses were 
applied. 


SUMMARY—THYRITE: 


It seems then that a material having the proper 
characteristics for lightning arresters has been found. 
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It has the desirable hyperbolic characteristics, not to a 
degree indicated in the ideal arrester where the exponent 
is one, but sufficiently so that it may be used success- 
fully. It has no measurable time lag and is durable. 
Its characteristics are permanent and not affected 
by use. 


Fig. 7—11.5-Kv. Tuyrite Licgutnrne ARrRESTER UNIT 


THE ARRESTER 
In designing lightning arresters for all voltage ratings, 
it is worth while to build them in the form of standard 
units which will all be alike, various numbers being used 
to correspond to the different ratings. This will greatly 


Fic. 8—69-Kv. Tuyrire Lightning ARRESTER 


simplify manufacturing and stocking the arresters. 
For certain conditions, it may be necessary to supply 
smaller or part units, and this applies particularly to the 
lower voltages. The standard unit is rated 11.5 kv. 
grounded neutral. Thus for a system rated 115 kv. 
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with a solidly grounded neutral ten units would be 
used. Thearrester does not employ a separate series gap, 
each unit being complete within itself and containing its 
own gap structure. Fig. 7 shows a single unit and Fig. 
8 six in series, such as would be used on 69-kv. grounded 
neutral. No steel work is required for the 69-kv. 
arrester. The units should be mounted on a concrete 
foundation to keep clear from weeds, snow, etc. 


PERFORMANCE CHARACTERISTICS 


For the first time in the history of lightning protec- 
tion, it becomes possible to calculate arrester performance 
accurately. The volt curve ampere for the 11.5 kv. 
unit is given in Fig. 9 and is the curve for eleven, six- 
inch disks in series, making a total height of 814 inches. 
In this design the disks are coated with copper on both 
sides by the schoop process and stacked up inside the 
porcelain container. It is necessary to use a series gap 
arrangement which is housed in each 11.5-kv. container. 

The reason for the series gap will be apparent from an 
examination of the characteristic curve. The normal 
voltage to ground is 9.4 kv. crest, which would cause a 
steady current of four amperes crest to flow through the 
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arrester continuously. If an over-voltage is applied as 
may occur in the case of dropping a load and over- 
speeding generators, a potential as high as 16.2 kv. may 
be applied between line and ground. With this po- 
tential a current of 28 amperes would flow and thus for 
safe operation it is necessary that the gap be capable of 
stopping the flow of current after one-half cycle, even 
if the impressed potential is 16.2 kv. and the current 
28 amperes. A single arrester gap is unable to break an 
are of this magnitude and it is therefore necessary to 
break the single gap up into a series of small gaps, which 
possess the property of quenching an arc if the voltage 
distribution across the gaps is such that the potential 
per gap is kept small. Because of the necessity of 
introducing several small gaps in series two opposing 
conditions develop. With a 60-cycle voltage applied, 
the distribution of potential between the gaps must be 
kept uniform, otherwise spitting would occur, which not 
only would set up radio interference, but would make 
impossible the operation of the arrester with several 
units in series, with several gaps in each unit. At the 
same time unless some means could be found to upset 
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the uniform distribution under impulse conditions, the 
arrester breakdown would be too high for satisfactory 
protection. Fortunately this problem has been solved 
so that a uniform distribution is obtained with the 
application of system potential, but the distribution 
becomes non-uniform when a steep wave front of po- 
tential is applied. Thus the impulse ratio is kept close 
to one, as for example, the breakdown of the series gap 
at system frequency is about 35 kv. crest, while with the 
application of an impulse requiring one microsecond to 
reach breakdown it is about 45 kv. crest. Thus for cur- 
rents up to 1000 amperes the arrester unit holds the 
voltage to a value not in excess of 2.8 times its rating. 
From the curve (Fig. 9) it may be seen that 45 kv. 
corresponds to a current of about 1000 amperes, so that 
for discharges involving currents smaller than 1000 
amperes the gap breakdown represents the limiting 
potential, while for currents in excess of 1000 amperes 
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Fig. 10—Prorrective CHARACTERISTICS OF 11.5-Ky. THyRITE 
LicgHTNING ARRESTER 


the J R drop represents the maximum applied to nearby 
insulation in parallel with the arrester. Cathode ray 
oscillograms taken on a complete 11.5-kv. unit are 
given in Fig. 10. It should be noted that in this illus- 
tration the volt-ampere curve shows no loop, the in- 
creasing and decreasing characteristics following the 
same curve. The close agreement between this volt 
ampere curve and the curve of Fig. 9, illustrates 
how accurately the arrester characteristics can be 
determined. 

When applying arresters to particular circuit condi- 
tions it is very desirable to be able to determine the per- 
formance characteristics under those conditions. In 
Fig. 11 are shown the characteristic curves for arresters 
whose ratings extend from 46 to 230 kv. grounded neu- 
tral. Plotted on the same sheet are curves which the 
author calls impulse regulation curves for the trans- 
mission line.. The arrester is considered for the given 
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case to be at the end of a transmission line whose surge 
impedance is 500 ohms. For each arrester rating an 
impulse regulation curve is taken, corresponding to the 
flashover value of the insulation used on that line. 
If for 230 kv. fourteen insulator disks were used, and for 
138 kv. ten disks were used, the flashover voltages cor- 
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Fia. 11—Grounprep Nreutrat Tuyrite ARRESTER CHARACTER- 
ISTICS WITH TRAVELING WAVES 


(Arrester at end of line) 


responding are 1900 kv. and 1410 kv. The curved lines 
represent the potential across a resistor at the end of the 
line which allows the corresponding current to flow. 
For instance, with zero resistance between line and 
ground a complete current reflection will take place and 
for the 230-kv. case the current to ground would be 
3800 amperes. The value of voltage where the arrester 
volt-ampere curve crosses the impulse regulation curve 
for the corresponding number of insulators used, repre- 
sents the maximum voltage allowed by the arrester. 
Thus for the 230-kv. arrester, the maximum potential 
is one million volts. For any impulse less than this the 
arrester potential will be less. 

Fig. 12 is plotted for conditions similar to those repre- 
sented in Fig. 11, except that the arrester is connected 
to a bus with two incoming lines so arranged as to 
deliver simultaneous impulses to the arrester. Such a 
situation is often found in practise where double circuit 
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Fig. 12—Grounprep NEuTRAL THYRITE ARRESTER CHARACTER- 
ISTICS WITH TRAVELING WAVES 


(Arrester connected to receive two simultaneous impulses) 
lines are connected to the same bus. Thus for fourteen 
disks of insulation, a 280-kv. arrester will hold the 
potential to 1200 kv., which is 200 kv. more than if an 
arrester is used on each circuit. The arrester current 
with the arrester on the bus is about 2800 amperes com- 
pared with 1800 amperes when two arresters are used. 
It must be remembered that this condition only applies 
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when the circuits are such that impulses can arrive 
from each circuit at the arrester at the same time. 
Thus for the first time it is possible to evaluate ac- 
curately the advantage of the use of one arrester on the 
bus compared to one arrester for each circuit. If more 
than two circuits can deliver impulses to the same bus 
at the same time, additional curves must be drawn for 
that condition. 
10,000 


KILOVOLTS 


1,000 


10 100 
AMPERES (Iq) 


Fig. 13—Grounpep NeutraL THyrire ARRESTER CHARACTER- 
ISTICS WITH TRAVELING WAVES 


Arrester connected to receive impulse in one direction, with outgoing 
circuit in another direction 

If, on the other hand, the circuits are so arranged 
that impulses travel to the arrester from one direction 
with outgoing circuits in another direction, the arrest- 
er’s potential will be correspondingly reduced. Such a 
condition is illustrated in Fig. 18, where the arrester is 
considered as being on a bus with one incoming and one 
outgoing line in perhaps opposite directions. Using the 
same examples as before of a 230-kv. arrester with 
fourteen disks of insulation, the arrester potential is 
800 kv. with a current of 650 amperes flowing through 
the arrester. 

By similar methods the arrester potential can be 
calculated for almost any assumed circuit condition so 
that arrester protection performance can be predicted 
accurately. 

The condition of direct stroke, if occurring within one 
span length of the arrester but with an insulator string 
in between, has been assumed to be equivalent to that 
of a traveling wave having a potential equal to the insu- 
lator flashover, such as might result from an induced po- 
tential of twice the insulator flashover. On the assumed 
230-kv. circuit, this potential is nearly 4,000,000 volts, 
which is much in excess of any potential yet indicated 
by the surge investigations on such a line. Curves 
similar to those of Fig. 11 show that under such an 
extreme condition the arrester potential would be 1300 
kv. which is still safe for the modern transformer. It 
seems certain that such potentials could occur only in 
connection with direct strokes very close to the point of 
connection of the arrester to the transmission line 
and could not represent a possible induced condition 
with present insulation levels. 

THE ARRESTER UNIT 

The arrester unit for 11.5-kv. grounded neutral 
service as designed at present is 1414 in. high and 12 in. 
in diameter. It weighs about 100 pounds. The unit 
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is sealed, as no venting is necessary with this new ar- 
rester. If it is desired to check the arrester’s charac- 
teristic this can be done by the use of the ordinary 
oscillograph. If arrangements are made to measure 
voltage and current by the use of the oscillograph, a 
few cycles of 60-cycle current can be made to pass 
through the arrester and from the oscillogram showing 
voltage and current the arrester characteristic can be 
determined accurately. Such a test cannot be pro- 
longed as the arrester would become hot and the series 
gaps would be burned. 


DISTRIBUTION ARRESTER 

In the distribution arrester thyrite disks one inch 
thick and three inches in diameter are used. The 3-kv. 
arrester requires two disks in series. It has a volt- 
ampere characteristic designed to be similar to the sta- 
tion type arrester for the same rating. Thus at 1000 
amperes the arrester potential is 2.8 times the arrester 
rating. Since the distribution arrester is provided with 
but one-fourth of the area of the station type, it has but 
one-fourth of the current carrying capacity. A cathode 
ray oscillogram giving the volt ampere characteristic 
for the 3-kv. arrester is shown in Fig. 14 and like Fig. 10 
it shows how accurately the volt-ampere curve checks 
the calculated curve pro-rated from Fig. 11. 


TRANSMISSION LINE TYPE ARRESTER 

Probably the least reliable part of electric transmis- 
sion is the transmission line itself during lightning 
storms. No transmission line has yet been built which 
is proof against lightning flashovers. The number of 
flashovers has been reduced by the use of ground wires 
and extra insulation, but they have not yet been 
eliminated. From the standpoint of interruption to 
service two methods of attack are available, one to 
render the flashover innocuous by the use of such de- 
vices as the fused grading ring or the Peterson coil, 
and the other to prevent the flashover by whatever 
means possible. 

The better method is to prevent the flashover and if 
possible at the same time absorb a considerable portion 
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of the energy of the charged capacity of the line by the 
use of some device, such as a lightning arrester. 

The idea of using arresters along a line is not new but 
suitable arresters have not been available either from 
the standpoint of size or cost. 

The new arrester material will, it is believed, offer 
a means of protecting insulator strings on towers at a 
cost which is reasonable and it should greatly increase 
the reliability of transmission lines. 
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The problem is more definite than that of protecting 
station insulation, since the arrester is placed very close 
to the insulator string and both have the same ground. 

An arrester using thyrite disks for the protection of 
transmission line insulators is shown in Fig. 15. The 
arrester shown is rated 69 kv. and uses 72 disks three 
inches in diameter and one inch thick, so that the pro- 
tective characteristic would correspond to a station type 
rated 108-kv. According to Fig. 11, with a current of 
2000 amperes flowing, the arrester potential is about 
500 kv., while the flashover for four insulators is 610 kv., 
or for six insulators is 890 kv. 

It is probable that experience will show that the 
number of disks can be reduced, which will improve 
the protection afforded and also reduce the cost of the 
arrester. 

With such application of arresters it is not necessary 
that the arrester have large discharge capacity, as 
several would operate in parallel. Whether or not such 


Fie. 15—69-Kv. Transmission Line Licgurnine ARRESTER 
protection would eliminate flashovers due to direct 
strokes is not known. It is the intention to try out 
arresters of this character on at least two transmission 
lines this summer. 


FAILURE TESTS 


Many careful tests have been conducted on low- 
voltage units of all three types in the factory, in which 
were supplied both 60-cycle power and impulses timed 
to strike at the most dangerous point on the wave. 

In May 1929, a 66-kv. thyrite arrester was tested on 
a 66-kv. transmission line with the line energized at 
normal potential, the impulse being supplied with a 
million volt portable generator. During the test the 
six units were reduced to four, which withstood many 
impulses with no signs of distress. As far as the author 
is aware this is the first time that a high-voltage arrester 
has been tested in this manner. 

Later, in September 1929, a similar test was carried 
out on a 132-ky. transmission line with over 100,000 
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kv-a. available, again using a million volt impulse 
generator. In this case the number of units was 
reduced to seven, the line to ground potential being 
77 kv., and again the arrester showed no signs of any 
weakness, and an examination of the gaps in each unit 
after tests showed practically no effect of the discharges. 
Because of the complete tests made, both from the 
protective standpoint and the failure standpoint, the 
arrester is being applied for all voltages up to and in- 
cluding 182 kv. in a limited number of installations. 


CONCLUSIONS 


A new material has been developed called thryrite, 
which has the property of increasing or decreasing its 
resistance as the voltage is decreased or increased. 
This relationship does not depend on the rate of voltage 
application and may be made to repeat itself indefinitely 
without change. The resistance and current relation- 
ships follow a definite law which can be expressed in the 
form of a simple hyperbolic equation. The character- 
istics of the material are defined by the exponent and 
constant taken from this hyperbolic equation. The 
change in resistance is such that the current increases 
12.6 times each time the applied voltage is doubled. 

Thyrite can be manufactured successfully from the 
standpoint of duplication with proper control of mate- 
rials and processes. It can be produced in any shape 
which can be successfully moulded. The effect of 
increased temperature is to slightly decrease its resis- 
tance for any given voltage. 

This material is well adapted for use in a protective 
device; lightning arresters in three different forms are 
now being tested in service. 

The station arrester is made in 11.5-kv. sections 
which are assembled in the field in a manner similar to 
pedestal insulators. These units are self-contained and 
do not require a series gap. An arrester for grounded 
neutral 69-kv. service is approximately 87 in. high. 
For currents up to 1000 amperes the potential across 
the arrester will not exceed 2.8 times the arrester rating 
in crest volts. 

The protective characteristics of the distribution 
arrester are similar to those of the station type arrester, 
although its impulse current capacity is but one- 
quarter of that of the station type. 

The great advantages of the new arresters lie in their 
permanence, small size, low installation cost, small 
weight, and the predictability of the results to be 
expected for any given condition. 

A new type arrester for protection of the transmission 
line against flashover is being developed, which is 
incorporated in the insulator string. This arrester is 
designed not only to prevent the flashover of the insu- 
lator string, but also to absorb a considerable portion of 
the energy of the discharge. Laboratory experience 
with the cathode ray oscillograph gives definite knowl- 
edge of the protective characteristics which can be 
calculated for any given circuit condition, while tests 


April 1930 


in the field on high-voltage transmission lines with 
portable impulse generators have successfully demon- 
strated the ability of the arrester to prevent the con- 
tinuous flow of power current following the impulse. 

The ability of an arrester to successfully withstand 
all of the exigencies of operation without failure cannot 
be completely determined in the laboratory. For this 
reason it is necessary for the arrester to pass through a 
certain period of trial in the field, which will help deter- 
mine whether or not the factor of safety employed is 
proper. For several months arresters have been in 
service on lines up to 66 kv., and 110 and 182 kv. 
installations are soon to be made. 
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Discussion 


DEVELOPMENT OF THE NEW AUTOVALVE ARRESTER 
(J. SLEPIAN, TANBERG, AND KRAUSE) 


THYRITE, A NEW MATERIAL FOR LIGHTNING 
ARRESTERS 
(K. B. McKacnuron) 
New York, January 27, 1930 

Edward Beck: The two papers on lightning arresters, that 
by Mr. McEachron and that by Messrs. Slepian, Tanberg, and 
Krause, indicate an important fact, namely that the two manu- 
facturers of high-voltage lightning arresters are on common 
ground in several respects. For instance, Mr. McKEachron 
states that he believes a voltage ratio of 2.8 to be a good one 
which agrees with the ratios of 2.5 mentioned by A. L. Atherton 
and others. The paper entitled Thyrite also stresses the im- 
portance of energy absorption in a lightning arrester, particu- 
larly in those for protection of line insulators against flashover, 
indicating that it is preferable to maintain a definite voltage 
across the lightning arrester terminals during discharge in order 
to secure energy absorption rather than to reduce the voltage of 
the arrester to zero. This desirability of energy absorption in 
the lightning arrester is apparently generally agreed upon. 

The paper on thyrite indicates that there has been a most 
interesting development in resistance materials. Of course it 
has been known for some time that certain resistance materials, 
such as those containing large amounts of carborundum, have a 
characteristic which droops as the applied voltages increase. 
This particular characteristic is a drawback when the material is 
to be used as a pure resistor but is very desirable when it is to be 
used in a lightning arrester. Mr. McKachron has been able to 
improve considerably on this drooping characteristic over those 

generally known in the past. It is disappointing that he has 
not given more information on the structure of his material 
other than that it resembled dry process porcelain. In this 
connection it would be interesting to know whether the author 
has cathode ray oscillograph tests on a very poor quality of dry 
process porcelains and how these compare with the characteristics 
of thyrite. In the progress of the research activity leading to 
the development of the confined discharge arrester described by 
Slepian, Tanberg, and Krause, tests were made on material such 
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as building brick which disclosed a valve action, which although 
poor for lightning arrester purposes was nevertheless quite pro- 
nounced, and similar test data on dry process porcelains would 
be of interest. In the early work done during the search for the 
most suitable porous material for the new autovalve arrester 
described by Slepian, Tanberg, and Krause, it was found that the 
type of characteristics secured with a ceramic block is largely 
governed by the material used and can be controlled by the 
conducting particles used in the block. 
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With a large percentage of conducting particles the block has 
the characteristics of a resistance which varies with the current as 
shown in Fig. 1, herewith, while with a very small percentage of 
conducting particles the characteristics take the shape of Fig. 3 
with a high ratio of maximum voltage to cut-off. By using the 
proper percentage of conducting particles, which lies between 
those with which characteristics in Figs. 1 and 3 are secured, a 
valve characteristic is obtained as in Fig. 2, with a sharp cut-off 
at a definite value of voltage. This is the type of characteristic 
possessed by the standard autovalve arrester and the one retained 
in the new autovalve arrester described by Slepian, Tanberg, 
and Krause. The voltage ratio of the block shown in Fig. 2, 
that is the ratio of the maximum voltage which exists during the 
discharge to the cut-off or the voltage at which discharge ceases, 
is 11 to 5 or 2.2. From these data it might be predicted that a 
slight change in the composition of thyrite would also produce 


the effect illustrated in Figs. 1, 2, and 3, including a valve charac- 
teristic, and it would be a matter of considerable scientific interest 
to know whether Mr. McKachron has such test data and if it is 
in agreement with ours. 

The variation in resistance of thyrite with changing voltage as 
described in the thyrite paper does not depend on sparks or ares 
in the material. Evidently it is also not a temperature effect. 
The process by which the resistance varies must be a very 
interesting one and the writer hopes that in the near future the 
principle by which this comes about will be published. I should 
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like to ask whether impregnating this material with an insu- 
lating liquid exerts any effect on its characteristics. 

In the March 1929 issue of the A. #.G., Mitteilungen, a 
periodical published by the Allgemeine Hlektrizitats Gesellschaft 
of Germany, there appears an article by Mayr describing a new 
lightning arrester which employs a resistance material called 
Ocelit by the A. E.G. In this article some oscillograms are 
shown of its performance which resemble those shown for 
thyrite. I should like to ask how these two arresters compare 
in performance. 

Mr. McEachron states that the use of thyrite has made it 
possible for the first time to calculate the action of a lightning 
arrester and some curves are presented in his paper showing the 
performance of his arrester under various circuit conditions. I 
am inclined to disagree with the statement that this is possible 
for the first time. The requisite for calculations of this sort 
are a definite arrester characteristic and permanence. In the 
case of the autovalve arrester, both the old and the new, particu- 
larly the station type, the characteristics have been disclosed 
by the cathode ray oscillograph and the value to which these 
arresters limit the lightning flashes is definitely known. More- 
over as these arresters are of the valve type, the voltages which 
exist across their terminals during discharge are practically 


constant, independent of the type of wave applied or of the dis- 
charge current within very wide limits. Hence the conditions 
at the arrester terminals are already established and calculations 
can be made of the arrester effect not only at the arrester location 
but also at a distance. With data available on the general 
nature of the surges to be expected in practise, these calculations 
are quite simple since the arrester voltage is fixed and numerous 
computations of this kind have been made by us in the applica- 
tions which have been made of distributed arresters along high- 
voltage transmission lines, and in the application of high-voltage 
station arresters such as the 220-kv. autovalves installed several 
years ago. 

A. M. Opsahl: On page 415 Mr. McEachron speaks of 
line type arresters. He gives the impulse flashover of four 
suspension insulators, 10-in. disks, 534-in. spacing, as 
being 610 kv. InFig. 2 of the paper by Mr. Torok, Surge 
Characteristics of Insulators and Gaps, the impulse  flash- 
over characteristic of four units, the ordinate being crest 
kilovolts, and the abcissa being microseconds. In getting this 
curve, the voltage rises rather abruptly to a quite constant value 
above the crest 60-cycele flashover of the insulators. After a 
certain time lag, the insulator flashes over. The time is mea- 
sured from the point at which the surge rises above the crest 
60-cycle flashover voltage. The point taken by Mr. McEachron 
as the flashover of four units (610 ky.) is a voltage at which the 
time lag of flashover is in the order of one microsecond. 
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The duration of lightning surges that appear on lines is in the 
order of 30 microseconds or possibly greater, in which case the 
voltage across the arrester, as shown in Fig. 4, would rise above 
the 60-cycle flashover of the insulators to a maximum of 500 kv. 
at the current assumed by Mr. MecEachron. As ean be seen, 
the voltage across the arrester is above the impulse flashover of 
the four units for a considerable length of time and will not 
protect the four unit string. 

In the case of the six units, the 60-cycle flashover is 540 kv. or 
40 kv. above that of the arrester under the conditions given, in 


10 
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which case the insulator would be safe. It would not be safe 
on four units even though adjacent arresters on the line might 
come into play. The time required for the traveling waves to 
traverse the distance to the adjacent line arresters and return 
would be too great to affect the voltage at the first arrester in 
time to prevent flashover with such a low margin as obtains in 
this case. 

For line type protection it is as yet rather hard to say just 
what range of surge currents will have to be taken care of by 
the arresters. If one assumes the direct stroke theory, that is, 
that the surges are due to direct strokés or side strokes into the 
line, the current may reach high values. Perhaps some of them 
cannot be taken care of by any means we have. 

If the voltage across the arrester instead of rising with increas- 
ing current as in Fig. 5, curve A, were to stay more nearly con- 
stant with wide variations in current as in curve B, it would not 
make so much difference how high a surge is applied. The volt- 
age rise across the arrester would still be below the flashover 
voltage of the insulator. 

In ease arresters are spaced at certain intervals along the line 
and a surge voltage appears across the insulators between, the 
protection afforded by the arresters involves other considerations 
where the arrester requirements are more rigid than in the above 
case. 
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Philip Sporn: Referring to Mr. McHachron’s paper, no 
experimental data have been obtained to date in the course of 
any of the lightning investigations that have been going on for 
the past three or four years, to justify the lightning arrester 
economically. There have been, nevertheless, many users of 
equipment who have, in spite of these results, consistently 
continued to use the lightning arrester. We have been one of 
this group. It is to be hoped that with this further development 
of the lightning arrester, experimental work will be continued in 
the field, that will show definitely whether the arrester does or 
does not justify itself. 


‘ 


—— 
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In the same connection, the development of the data on 
thyrite may be of particular benefit, since for the first time it 
enables the design engineer to calculate the lightning voltages 
that he may get after the arrester gets through with the job. 
The constancy of characteristics of the thyrite arrester makes this 
possible. When we first went into the question of rationalization 
of insulation about three years ago, we tried to get some data as 
to what might be expected on the performance of arresters under 
certain conditions, with various numbers of cells, and so forth. 
The best we could get was an answer that was good to about plus 
or minus 50 per cent. It is obvious that for intelligent design 
greater accuracy than that is needed. 

The marked step in development of the lightning arrester 
brought out by Mr. McKachron ought to make the problem of 
design and the problem of rationalization of insulation much 
easier than it has been heretofore. 

J. H. Cox: Mr. McKachron has presented some rather 
interesting calculations on the performance characteristics of 
lightning arresters and the solutions developed are valuable in 
that they illustrate a method of attack. However, I disagree 
with the quantitative values assumed in so far as they are in- 
dicative of the adequacy of a lightning arrester. 

In Mr. McEachron’s calculations he has chosen as the maxi- 
mum surge to be handled by the lightning arrester one which is 
not above the flashover voltage of the line insulation. This 
states in effect that the maximum surge against which lightning 
arresters need protect apparatus is one limited to the flashover 
voltage of the line, and further that the arrester itself must be 
protected behind the line insulator string. Obviously, this is not 
the most severe condition as a surge can always start at the loca- 
tion of the arrester, even in a station. Even in the case of an 
induced surge, which, theoretically at least, can have a voltage 
above the flashover of the insulator string, the arrester may have 
to conduct a greater current than that assumed in Mr. MeEach- 
ron’s calculations in order to keep the voltage to a safe 
value. ; 

This is particularly true in the application of lightning arresters 
for line type protection where their sole function is to keep the 
insulator from flashing. Furthermore, it is not reasonable at the 
present time to relieve the arrester from responsibility against 
direct strokes in general, since as far as the present knowledge is 
concerned it is possible that the majority of the surges giving 
trouble are caused by direct strokes and until more definite 
knowledge is obtained the direct stroke must be taken into 
account. Present knowledge indicates that a large portion of 
these are entirely within control. On page 415 Mr. MecHach- 
ron deals with the direct stroke but in so doing he limits the 
voltage which he considers to four million volts. At the present 
time no such definite limit can be specified. It is true that 
higher voltages than this have not as yet been measured but all 
these measurements have been on lines with limited insulation 
and therefore it is probable that the surges were limited by line 
flashover. Therefore, we know very little about the maximum 
voltage a lightning surge might attain if generated on a line with 
sufficient insulation. In the future when this limit has been 
determined we may be able to designate a maximum current 
which an arrester may be called upon to handle and at that time 
definite calculations will be possible, but at the present time 
without these necessary fundamental data it is not possible to 
specify the maximum current which an arrester may be called 
upon to handle, and therefore it is not possible to make calcula- 
tions of performance which mean much. 


In any case an arrester which has a flat characteristic, that is 
one whose voltage does not rise with increase in current, is the 
most nearly ideal, as also mentioned by Mr. MeFachron, and 
therefore, that arrester which most nearly approaches this 
characteristic comes closest to being completely adequate. It 
is possible that an arrester with a sloping characteristic might 
still be adequate if the voltage does not reach dangerous values 
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when carrying the maximum currents required. However, as 
indicated above, at the present time these maximum values are 
not known and, therefore, such an arrester must be considered 
unsafe. Furthermore, the only part of the volt-ampere charac- 
teristic which is really important is the upper line, that is the 
manner in which the maximum voltage is reached and the manner 
in which the current returns to zero is of no importance so 
long as the ratio of the maximum voltage reached to the minimum 
voltage cut-off is satisfactory. This, according to the test data 
available at the present time, should be of the order of 2.5. 

K. B. McEachron: In the development of thyrite, as might 
be suspected, a large number of different mixtures of various 
materials was studied. In all of this work the goal has been to 
secure a pure resistance whose performance characteristics did 
not depend on the breakdown of any gas and therefore the volt 
ampere curve for such a material would be devoid of any loop. 
The presence of a loop in a characteristic curve indicates that 
the conduction has changed as the result of the flow of current 
for a period of time. Such a material does not have a permanent 
resistance ampere characteristic during discharge. Thyrite is a 
material whose resistance for a given current value is invariable 
and whose characteristics do not alter between successive shots. 
Mr. Beck has asked for a comparison between thyrite and porous 
materials, from the standpoint of performance. The two 
materials do not act in the same manner at all, since the per- 
formance of the porous block is dependent on material having 
pores which contain gas, whereas thyrite does not depend on the 
presence of pores and will have exactly the same characteristic 
if immersed in oil that it has when immersed in air. ; 

As may be noted from the curves given in the paper for the 
thyrite unit, its performance does not depend on the nature of 
the applied voltage, for direct current, 60 eycle, or high-voltage 
transients have the same current flow for the same applied 
voltage. The characteristic curve holds for currents as small as 
one milliampere through the 6-in. diameter disk. 

Referring to Mr. Beck’s question with regard to the material 
described by Dr. Meyer, called ‘‘ocelit,” I may say that we have 
studied this material and although similar to thyrite, it does not 
possess the desired characteristics to the same degree as does 
thyrite. In other words, the exponent of thyrite which is now 
being manufactured is considerably in excess of that of any ocelit 
material which we have tested. Mr. Beck has taken exception 
to my statement that for the first time it is possible to calculate 
arrester performance. I agree with Mr. Beck that any arrester’s 
performance can be calculated, providing all of its conditions of 
operation are known. Since the characteristics of thyrite are 
fixed and permanent and as it does not have two values of resis- 
tance for the same value of current, it is possible to draw curves 
such as those given in the paper knowing that the test will agree 
with the calculated results without reference to rate of voltage 
rise, rate of current rise, or duration of the lightning impulse. 
With an arrester volt ampere characteristic having a loop, in 
order to be able to make such calculations it is necessary to know 
the effect of a change of rate of voltage rise or current rise and 
also to know the effect on the volt ampere curve of the duration 
of animpulse. To my knowledge, such characteristics have not 
been shown on any of the arresters now manufactured which have 
loops in their volt ampere curves. This does not mean that such 
arresters are not good protectors, but it does mean that caleula- 
tions involving such an arrester can only be.made with confi- 
dence when the rate of rise and duration of the impulse is the 
same as that of the laboratory test for the cathode ray oscillo- 
grams shown. 

Concerning Mr. Opsahl’s question withregard to the protection 
of four disks, the arrester design in the paper is based on the use 
of six disks, which it will protect satisfactorily. It is the inten- 
tion to apply transmission arresters in groups so that one arrester 
may always be aided by a nearby arrester in carrying the current 
of the discharge. For induced discharges it is only necessary 
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that each arrester discharge the line for a distance of half a span 
length on either side of an individual arrester. Since the arrester 
itself supports the transmission line it is only necessary that it 
. protect its own insulation. Mr. Cox and Mr. Opsahl have both 
raised a question concerning the performance of this arrester 
on a direct stroke. I do not believe that either of the transmis- 
sion type arresters discussed today, will give certain protection 
in ease a direct stroke comes on the transmission line at the point 
where the arrester is connected. In order to secure an arrester 
whose application is economically feasible its discharge capacity 
is limited and dependence is placed on arresters on adjacent 
towers to help any individual arrester in case of severe discharges. 
I do not expect that the transmission type arrester will protect 
against direct strokes. In this connection it is interesting to 
turn to (p. 409) of the paper by Messrs. Slepian, Tanberg, 
and Krause, and find the following statement: “One high-voltage 
line type arrester out of a total of 200 was damaged, apparently 
due to a close-by direct stroke, because a klydonograph con- 
nected to another phase of the same circuit at the same location 
was destroyed at the same time,’’ which indicates that the authors 
do not expect a line type arrester to withstand the effects of a 
direct stroke. 
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Mr. Sporn’s comments referring to the advantages accruing 
from being able to calculate arrester performance is interesting 
and indicates that a real necessity has existed in the past for 
being able to put the performance of lightning arresters on a more 
definite basis. 

Mr. Cox seems to believe that a lightning arrester should be 
able to discharge direct strokes without difficulty. I agree with 
him that this is a desirable ideal to work for, but when our 
station type arresters, having a much larger discharge area than 
the line type arresters, are not able to provide certain protection 
against direct strokes at the arrester terminals, it does not seem 
likely, in the present state of the art, that it is economical to 
supply line type arresters capable of protecting against direct 
strokes. If it can be shown that practically all of the transmis- 
sion line flashovers are due to direct strokes then the forms of 
transmission line type arresters now being tried out are inade- 
quate. If, on the other hand, a large proportion of flashovers is 
due to induced discharges on lines, then the application of the 
present design of transmission type arresters should greatly 
reduce the number of outages. The adequacy of the transmis- 
sion line type arrester as now designed can only be determined as 
the result of trial. 


Extinction of a Long A-C. Arc 
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Synopsis.—The extinction of an a-c. arcis analyzed as depending 
on two factors, the rate of recovery of dielectric strength of the arc 
space after current zero, and the rate at which voltage tending to 
re-ignite the arc 1s applied by the external circust. In the short arc, 
most of the recovered dielectric strength resides in a deionized layer 
next to the cathode but in the long arc the rest of the arc space con- 
tributes largely to the dielectric strength. The breakdown gradient 
of the still ionized arc space is defined, and using a thermal ionization 
theory, a formula for growth of breakdown gradient is derived. 

The extinction of long a-c. arcs in the open is greatly influenced by 
the sectional area which the arc stream has at current zero. By 
confining arcs to slots and holes, the rate of detonization at current 
zero is greatly increased, and so large voltages per cm. of arc can be 
interrupted. 


I. INTRODUCTION 


N a preceding paper,' the author has considered the 
mechanism of the extinction of an arc in an a-c. 
circuit. It was pointed out that the extinction or 

re-ignition of an a-c. are following a current zero 
depended upon the outcome of a kind of race between 
two contending factors, one depending principally on 
the arc space alone, and the other principally on the 
external circuit alone. The first is measured by the 
rate at which the are space recovers dielectric strength 
as a result of disappearance of ions throughout the 
whole or certain favored portions of the arc space. The 
second factor is measured by the rate of building up of 
the voltage applied to the arc terminals by the external 
circuit and tending to re-ignite the are. For determin- 
ing this factor in extinction of the a-c. arc, the normal 
frequency voltage, current, and power factor are not 
enough to characterize the circuit. The transient 
characteristics must also be considered. 


From this analysis it follows that the interrupting 
capacity of an a-c. switch may vary considerably, 
depending on the nature of the circuit in which it is 
tested. This has been amply verified in the experience 
of the author and has been noted by others.?? In 
particular, the testing plants of manufacturers of oil 
circuit breakers are much more severe upon circuit 
breakers than the circuits of power distribution 
systems.? The way in which voltage builds up on the 
are space terminals after current zero can, in theory at 
least, be predetermined from the constants of the 
external circuit according to well known principles of 
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A gas blast passing turbulently through an arc stream greatly 
accelerates deionization at current zero and so is effective in increas- 
ing the capacity of the a-c. arc to interrupt high-voltage circuits. 
The expulsion fuse is an example of a gas blast circuit interrupter, 
the gas blast resulting from the decomposition of the fiber fuse 
case. 

The oil ere breaker is also a gas blast circuit interrupter, the 
blast arising from the gases produced by the decomposition of the oil. 
Means which increase the rate of oil decomposition improve the 
operation of the breaker. The magnetic blow-out in oil breakers is 
effective by causing an increased rate of oil decomposition. 

Electrostatic unbalance may lower the volts per cm. which a long 
arc can interrupt. The use of static balancing devices may then 
become advisable. 


electrical engineering. The predetermination of the 
way in which the are space recovers dielectric strength, 
however, calls for an understanding of the nature of the 
arc which in general has not yet been attained. In the 
case of the short arc the situation is somewhat better, 
and theory predicts qualitatively for a short arc space 
a manner of recovery of dielectric strength which has 
been found experimentally. 

Although, as yet, the theory of the long are has not 
been developed to the same degree as that of the short 
arc, nevertheless such theory as is available is of great 
aid in studying the operation of a-c. switches with long 
ares. It can suggest what factors are of importance in 
favoring the extinction of the are in various cases and 
how these factors may be intensified. It can show how 
the distribution of the electrostatic field following the 
extinction of an arc is important in some cases so that 
the use of a static balancing device becomes worth 
while. It can qualitatively explain the effectiveness of 
the narrow slot are chute, the air blast switch, the 
expulsion fuse, and the oil circuit breaker, and suggest 
how the effectiveness of these devices may be increased. 
The purpose of this paper is to show how the theory may 
accomplish these results. 

Before defining the long are and considering the 
theory of its extinction it will be well to review briefly 
the theory of the extinction of a short a-c. arc. 


Il. EXTINCTION OF A SHORT A-C. ARC 


In the preceding paper,! it was shown that almost 
instantly after the current zero, a layer of gas im- 
mediately adjacent to the cold (that is thermionically 
inactive) cathode becomes almost completely deionized 
and thus acquires some dielectric strength almost 
instantly. To again carry any considerable current, 
this space must be broken down, and being almost 
completely deionized, its new breakdown is quite ~ 
similar as a phenomenon to the breakdown or spark- 
over of an ordinary un-ionized gas between metallic 
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electrodes. This breakdown takes place through the 
mechanism of ionization by collision, and at ordinary 
pressures requires an electric gradient of the order of 
10 to 100 kv. per cm. 

Since even the thinnest layers of an un-ionized gas 
require several hundred volts to be broken down, the 
space next to the cathode acquires the ability to with- 
stand such voltages almost instantly. The rest of the 
are space loses ionization more slowly, and as its de- 
ionization proceeds, the deionized cathode layer 
increases in thickness. With this increase in thickness 
comes an increased dielectric strength of the cathode 
layer. Thus after the first few hundred volts, the 
cathode layer gains dielectric strength relatively slowly. 

From a series of experiments on short arcs with cold 
electrodes, a curve showing the recovered dielectric 
strength of the cathode layer against time after the 
current zero was calculated. This calculation was done 
by an approximate method, however. A more exact 
calculation from the same data leads to the curve shown 
in Fig. 1. 


180 200 


80 100 120 140 160 
MICROSECONDS 


Fig. 1—Recovery or DigELEcTRIC STRENGTH oF ARC SPACE 
or SHort Arc VouttacGeE Required ro Reienrre Arc Im- 
MEDIATELY AFTER CURRENT ZERO AIR AT ATMOSPHERIC 
PRESSURE 


In identifying the dielectric strength of the short are 
space with the dielectric strength of the deionized 
cathode layer it is assumed that the rest of the arc space 
- contributes only negligibly to the dielectric strength. 
This may be taken as the definition of a short are. In 
considering the extinction of an a-c. arc, we shall define 
the are as short if immediately after the transient rise 
to open-circuit voltage of the external circuit, practically 
all the dielectric strength resides in the cathode layer. 

An are short in this sense will usually also be short in 
the ordinary physical sense, that is, its length will be a 
fraction of aninch. If, however, special means are used 
to make the are space remote from the cathode layer 
deionize or recover dielectric strength very rapidly, this 
remote are space may contribute to the dielectric 
strength during the extinction period, and the arc is to 
be regarded as long, or at least not short, even though 
in the ordinary sense the arc would be described as 
short. 
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Since the transient immediately following the current 
zero at are extinction in ordinary circuits has a duration 
of the order of 10 microseconds, and since in this length 
of time the cathode layer recovers the ability to with- 
stand some three hundred volts, in general, if an a-c. 
are extinguishes in a circuit which impresses only a few 
hundred volts upon it shortly after current zero, the 
are will be short in the sense defined above. If, however, 
the are extinguishes in a circuit which impresses more 
than a few hundred volts upon it, then use is made of 
recovered dielectric strength away from the cathode 
layer, and the arc is to be regarded as not short. 

It is clear that if an arc is sufficiently long in the 
physical sense, it cannot be short in the special sense 
defined above, for, although the are space outside the 
cathode layer recovers dielectric strength comparatively 
slowly per unit length, nevertheless in a finite time it 
does recover some ability to withstand voltage, and 
if it is sufficiently long, the total dielectric strength for 
its whole length, which it recovers during the extinction 
period, may be comparable with the dielectric strength 
recovered by the cathode layer. 


Ill. THe Lone A-C. Arc 


We define the long are as one in which during the 
extinction period the larger part of the recovered 
dielectric strength resides in the space away from the 
cathode layer. We now inquire into how this space 
recovers dielectric strength. 

We must first make more precise the notion of 
dielectric strength, and define what is meant by the 
breakdown gradient of the space. While the arc is 
playing, the space is highly conducting because of the 
intense ionization there. During the extinction period, 
following current zero, the ionization disappears, not 
suddenly, but in a relatively gradual manner. The 
space then continues to have conductivity throughout 
the extinction period, but nevertheless it has a continu- 
ally increasing breakdown gradient defined as follows: 

In an ionized space, ions are continually being lost in 
two principal ways: one, by direct recombination of ions 
of opposite sign within the space, and the other by the 
passing of ions outside the boundaries of the space, by 
diffusion only, or assisted by electric fields, air blast, or 
other means. If the space is to maintain its conductiv- 
ity, these losses of ions must be made up by some 
ionizing agent. Although their nature is not well 
understood, the ionizing agents capable of producing 
ions sufficiently rapidly to replace the losses which occur 
in an arc space are directly dependent on the impressed 
electric field, and the intensity of these ionizing agents 
varies with the intensity of the impressed field. 

At any particular instant, there is a particular 
electric gradient for which the ionizing agents are just 
sufficiently intense to make up the ionization which is 
being lost in the are space. If this gradient.is impressed, 
the conductivity of the space will continue to maintain 
itself. If a smaller gradient is impressed ions will be 
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lost at a rate faster than that at which they are being 
generated, and the space conductivity will diminish. 
If a larger gradient is impressed the space conductivity 
will increase. This critical gradient at which the 
conductivity of the space just maintains itself, we shall 
call the breakdown gradient. . 


The intensity of the ionizing agents depends not only 
upon the intensity of the electric field but upon the state 
of the ionization of the space. In general, the greater 
the degree of ionization of the space, the more active 
will be the ionizing agents for a given electric gradient. 
Hence, the less the degree of ionization of a space, the 
greater will be the breakdown gradient. Immediately 
following the current zero for a long a-c. arc, the ioniza- 
tion of the space decreases, and the breakdown gradient 
increases. If the impressed gradient remains less than 
this increasing breakdown gradient, the space continues 
to lose conductivity, and the are extinguishes. If at 
any time, however, the impressed gradient equals or 
exceeds the breakdown gradient, the space conductivity 
stops diminishing and the arc does not extinguish. 


IV. EXTINCTION OF A LONG A-C. ARC 


We shall now give the ideas of the preceding section 
mathematical form, but do so only for the purpose of 
clarifying them, without implying that the quantities 
involved may be calculated with any degree of pre- 
cision. We shall base the mathematical equations upon 
the Compton thermal ionization theory of the positive 
column of an arc, but point out here that this theory, 
although plausible, is not necessary for our argument, 
and that any other theory of the ionizing agent which 
produces the ions in the arc stream would lead to equa- 
tions of essentially the same form. 


Compton® has shown that for the electric gradients 
which exist in the are stream at atmospheric pressure 
ionization by collision is entirely inadequate to supply 
the ions which are being lost. Similar calculations show 
that ionization by collision is also negligible at the 
gradients which are impressed upon the are space after 
are extinction, in ordinary circuit interrupters. Comp- 
ton suggests that the high temperature in the are stream 
is responsible for the ionization, and supports this 
proposal by calculations from the equation for thermal 
ionization of Saha.*® 

In Fig. 2 are given curves for a few gases showing the 
density of ionization, N, (number of ions per cm.*) 
which is maintained entirely as a consequence of high 
temperature, according to Saha’s equation. The 
significant feature of these curves is that appreciable 
ionization does not occur until a high temperature is 
reached, and then the ionization increases very rapidly 
with further increase of temperature. We shall sub- 
stitute for the curves of Fig. 2, the full curve of Fig. 3, 
and say that there is no thermal ionization until a 
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critical temperature 7) is reached and that at that 
temperature a profuse ionization sets in. 

Let us consider an are stream or positive column of 
an arc of a given section, when intensely ionized, and 
carrying current at the temperature T. It is losing 
energy because of its high temperature, but principally 
because it is losing ions, and because each pair of ions 
required energy for its formation. The ions are lost by 
diffusion to the boundary of the positive column or by 
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Fig. 2—T Herma [onizaTION OF GASES 


recombination within the positive column. The ions 
diffusing away recombine in the cooler surrounding gas 
or upon the bounding walls if the are stream is confined 
in a chamber. When the ions recombine within the are 
stream, their energy is changed to radiation which is 
lost to the walls or surrounding space. The loss of ions 
by diffusion is proportional to the density of ions in the 
arc stream, and the loss of ions by direct recombination 
is proportional to square of the density of ions.” Thus, 
if n is the number of ions of one sign in one centimeter 


NUMBER OF IONS PER CM.? 
= 


TEMPERATURE. 
Fie. 3 


length of the arc stream, there will be an energy loss per 
second, W,, given by: 

W,=An+Brv (1) 
where A and B are constants depending on the nature 
of the gas in the are stream, its temperature, To, pres- 
sure, and its cross section. 

This loss of energy must be made up by the energy 
input from the electric field, which is, for unit length of 
are, 

W,2=XI (2) 
where X is the electric gradient and I the current. 


7. Townsend, ‘Electricity in Gases,” Ozford, 1913, Chap. VI. 
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The current in the arc is due to the motion of the ions 
in the electric field. The velocity which the ions 
acquire is proportional to the electric field so that: 

P=k xine (3) 
where k is a constant depending on the nature of the 
gas, its temperature, and pressure and ¢ is the charge 
carried by oneion. Thus we get: 

W.=ken xX? 

For the steady state we have W; = Wor 

kenX? =An+Br (5) 
We note in passing that combining Equations (3) and 
(5) gives a volt ampere characteristic in which the 
electric gradient increases with current. Such rising 
volt ampere characteristics are actually observed for 
ares confined to holes with insulating walls. Fig. 4, 
for example, shows the characteristic obtained by 
R. C. Mason for an arc in a 0.178-cm. hole in soapstone. 
For an unconfined arc, the section increases with 
increase of current, and this increase of section causes 
both the constants A and B of Equations (1) and (5) to 
decrease. This decrease of A and B is sufficiently 
great to cause the volt ampere characteristic of an arc 
in the open to be a falling one. 
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During the extinction period of the a-c. arc, the 
temperature of the are stream will fall below the critical 
temperature T,, and according to our hypothesis, the 
ionizing agent (thermal ionization) will cease its activity. 
Ions will continue to be lost, however, by diffusion and 
recombination so that we will have: 
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n° (6) 


where F is the energy required to form an ion pair. 
Equation (6) thus describes the way in which the ions 
disappear. If A is the predominating factor in (6), 
and if we may neglect its variation with temperature, 
integrating (6) gives: 


es, 
n=ne = 


(7) 
where 1» is the initial density of ionization and ¢ is the 
time in seconds. If B is the predominating factor of 
(6) and if no is very large, integration of (6) gives: 
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If both A and B must be considered in Equation (6), a 
more complicated expression is obtained which is not 
worth while writing as our object is clarification of ideas 
rather than quantitative calculation. 

During the extinction period of the a-c. are the tem- 
perature of the arc stream will be falling, and there will 
be a loss of energy per cm. length at a rate W3, due to 
the decreasing thermal energy of the neutral molecules 
of the gas, apart from the energy stored in the ions. 
This is the energy loss which an un-ionized column of 
gas would suffer at the same temperature. This energy 
loss is an increasing function of the temperature, and’ 
depends also on the section of the are stream. In 
Fig. 3, the dotted curve shows the dependence of the W; 
with temperature for some particular are stream. The 
value of W;3 at the critical temperature, 7, we shall 
call W>. In general, means which increase the rate of 
loss of ionization, such as bounding walls, or gas blast, 
also increase W; and in particular increase Wo. 

If during the extinction period of the a-c. arc, the 
impressed electric gradient X is so large that with the 
existing state of ionization the electrical energy input 
W: is equal to W; for the temperature existing for the 
moment, then the temperature will remain constant 
momentarily; but since this temperature is less than 
the critical temperature J, thermal ionization will not 
set in, but the space will continue to lose ionization. 
If the electric gradient is such as to make the electrical 
energy input greater than the instantaneous value of 
W:, but less than Wo, then the temperature will rise, 
but it will not reach the critical temperature To, and 
again thermal ionization will not set in, and the ioniza- 
tion will diminish. If, however, the electrical input is 
greater than W,>, then the temperature may rise to the 
critical temperature 7’), and the ionization will increase. 

For our qualitative, idea clarifying purpose, we may 
take as the condition for re-ignition of the arc that the 
electrical input exceeds Wo, or for the breakdown 
gradient, 


B 
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W: = W,, condition for breakdown gradient (9) 
Substituting Equation (4) we get 
ken X? = Wy (10) 
Wave 7 
Gr x =i) 3 (11) 
If the condition of Equation (7) apply we get: 
Wau \ ace 
X= ( Lana ) e ¢ (12) 


with the breakdown gradient increasing exponentially 


with the time. If the conditions of Equation (8) apply, 
Vanes 
x-(4 7 a) x 
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and the breakdown gradient increases only as the square 
root of the time. 


V. EXTINCTION OF LONG A-C. ARCS IN THE OPEN 


In trying to apply the ideas expressed in the pre- 
ceding section to arcs in the open, a difficulty is at once 
met in the question as to what is the cross section of the 
are stream at current zero. If the current in an arc 
remains constant, the positive column takes an appro- 
priate section, probably determined by the condition 
that for that section, the electric gradient is a minimum. 
Experiment shows that the sectional area and the 
density of ions in the are stream increase with the 
current.2 In the a-c. arc, however, the current does 
not remain constant, and therefore the arc section is 
not that which corresponds to the current flowing at the 
moment, but depends on the current which has been 
flowing previously. If the current previously has been 
larger, the section will be larger than that correspond- 
ing to the momentary current, because the ions over the 
larger section will not have had time to disappear. In 
particular, at current zero, the are stream section, that 
is, thearea whichisstill highly ionized, isnot zero but finite. 
The are stream section at current zero, then, will de- 
pend on the rate at which the current is decreasing, 
that is, on the product of current and frequency. 

The coefficients A and B of Equation (1) which give 
the energy loss due to loss of ions both decrease as the 
section of the are stream increases. A,, which gives the 
loss per unit length of arc due to diffusion to the arc 
stream boundary, will clearly depend on the product of 
the periphery, and the density of ions per unit volume, 
N; n, however, is equal to the sectional area multiplied 
by N. Hence, 


Periphery 


A depends on re 


(14) 
B n? gives the loss due to direct recombination in the are 
stream per unit length. It depends on the area mul- 
tiplied by N2, and since n? equal (area)? x N? we have, 


B depends on (15) 


Area 

If the are section is circular, Equations (14) and (15) 
show that A and B vary respectively inversely as the 
first and second powers of the diameters. 
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Since the rate of recovery of dielectric strength of the 
are stream space depends very largely on the factors 
causing the ions to disappear, that is, upon the coeffi- 
cients A and B, the extinction of a long a-c. arc in the 
open depends principally on the are stream section at 
current zero, that is upon the are current multiplied by 
the frequency. Very few systematic data are available 
for the extinction of long a-c. arcs in the open. This is 


8. Nottingham, Franklin Inst. Jl., 207, 1929, p. 299. 
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principally due to the fact that except for disconnecting 
switches, long ares in the open are not used in practical 
circuit interrupting devices, but the ares are confined to 
chute boxes, fuse cartridge cases, or gas bubbles in oil, 
or are subjected to gas blasts as in the expulsion fuse or 
oil circuit breaker. It is of course well known that the 
difficulty of extinguishing a long a-c. arc in the open 
increases rapidly with increase of current and fre- 
quency. At 60 cycles, for currents of the order of 
1000 amperes, r. m. s., and in circuits in which the time 
for the transient rise to open circuit voltage after current 
zero is about 10 microseconds, about 50 volts r. m.s. 
may be interrupted per cm. length of long are. 


VI. EXTINCTION oF LonG A-C. ARCS IN HOLES AND 


SLOTS 


The extinction of long a-c. arcs in holes and slots with 
insulating walls is easier to consider than the extinction 
of long a-c. ares in the open because if the hole is small 
enough, or the slot narrow enough, then the arc section 
at current zero is definitely determined as filling the hole 
or the width of the slot. Consider first the extinction 
of ares confined to cylindrical holes. 


With the arc confined to a small section hole, the loss 
of ions by recombination upon the walls of hole in com- 
parison with the number of ions occupying the section of 
the hole will take place at a very much higher rate than 
for an are of the same current and frequency in the 
open with a much larger section at current zero. 
Hence the arc in the hole will recover dielectric strength 
after current zero at a very much faster rate than a 
corresponding arc in the open. 

If we consider Equation (12) as applying we see that 
the principal effect of the confinement of the arc is to 
increase the constant A, according to Equation (16). 
The factor W», according to our simplified thermal 
ionization theory, we should expect to be proportional 
to the diameter of the hole, or more probably to the 
square of the diameter of the hole, as the heat loss from 
the gas is probably principally due to radiation from the 
whole section of the gas. 


We= Ha (17) 
We get then for the breakdown gradient: 
1 a 
oe (18) 
(k é Mo)? 


In this equation, » is still undetermined in its relation 
to the hole diameter d. It seems likely, however, that 
it will not differ much from the density of ions which 
would exist in a steady arc which in the open would 
occupy the same section as the hole. From the results 
of Nottingham,’ therefore, we would conclude that no 
varies a little faster than proportional to the square of 
the diameter of the hole. We get then, 


X=Md-~e 4 (19) 
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for the dependence of the breakdown gradient upon hole 
diameter, where M and N are constants, and # is a small 
number. 

Equation (19) shows how the extinction of long a-c. 
ares is facilitated by confining them to holes of small 
diameters. The following experimental data on the 
extinction of ares in holes in soapstone bear this out. 
The arcs were started by fine fuse wires, and the external 
circuit consisted of transformers for which the transient 
time required to impress open circuit voltage upon the 
arc space after current zero was of the order of ten 
microseconds. With a hole 0.378 em. diameter, and 
3.81 em. long, 545 amperes was interrupted in a circuit 
of 1150 volts r.m.s. A hole 0.193 cm. diameter and 
2.54 em. long also interrupted this current and voltage. 
Taking the instantaneous open circuit voltage after 
current zero from oscillograms, and subtracting 250 
volts for the dielectric strength of the cathode layer, 
and dividing by the length of the hole, the gradients 
after current zero were found to be 228 and 456 volts 
per cm. respectively. Evidently the volts per cm. 
which can be interrupted by an arc in a hole are very 
much larger than for an arc in the open. 

Ares confined to holes are used in completely closed 
fuses, but usually.the gases generated by the decompo- 
sition of the material of the fuse case play an important 
part in the extinction of the arc as will be brought out 
in the next section. If an inert filler powder is used in 
the fuse, then the arc plays in the interstices between 
the powder particles and the arc is perhaps better de- 
scribed as playing in narrow slots. Arcs confined to 
small holes are little used in switches because of the 
difficulty of drawing an arc in such a place and the 
rapid destruction of the hole wall with use. Arcs con- 
fined to slots are, however, very generally used in 
switches, for the usual are chute in magnetic blow-out 
switches is of restricted width, and may properly be 
described as a slot. That the volts per cm. which may 
be interrupted are greatly increased by using a narrow 
are chute is well known.®° 

In applying Equation (12) to a slot of width d, let b 
be breadth of the slot occupied by the are at current 
zero, so that the sectional area is bd. The loss of ions 
per cm. length of are An, will be proportional to }, 
while ” will be proportional to bd. Hence, A will be 
proportional to 1/d. Wp, will be proportional to 6d, 
and ) proportional to 6 and some small power of d. 
We are thus led to expect that Equation (12) will re- 
duce to an equation of the form 

Q 
X=Pd~ (20) 
where P and Q are constants and y is a small number. 

Fig. 5 gives the results of some experiments on the 
extinction of a-c. arcs in slots with soapstone walls of 
varying width in a circuit consisting of transformers for 
which the time of recovery of open circuit voltage im- 


9. Tritle, A. I. E. E. Trans., Vol. 41, 1922, p. 262. 
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mediately after arc extinction at current zero was of the 
order of ten microseconds. Evidently, the volts per cm. 
which can be interrupted increases rapidly as the slot 
width is reduced. 

Equations (19) and (20) must be regarded as giving 
only very roughly the way in which the breakdown 
gradient varies with hole diameter or slot width. 
Equation (20) for example, predicts 1 straight line re- 
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curve of Fig. 5 will fit such a relation with small value 
of y for the wider slots, but the point for the 0.0178-cm. 
slot will be considerably below the straight line through 
the other points. 

VII. THE EXPULSION FUSE 


In the usual expulsion fuse, an arc plays in a cylindri- 
cal hole open at one end, the bounding walls being horn 
fiber. Quite high volts per cm. are interrupted by such 
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fuses. For example, in a 1.58 em. internal diameter 
fiber tube 2500 amperes at 60 cycles could be interrupted 
at 400 volts r. m. s. per cm. length of tube in a circuit in 
which the time to recover open circuit voltage after arc 
extinction at current zero was of the order of 10 micro- 
seconds. In a hole with soapstone walls of like di- 
ameter, only about 40 volts r. m. s. per cm. length could 
be interrupted. 

Similar results were obtained on the extinction of ares 
in slots with fiber walls as shown in Fig. 6. Here, the 
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slot had a width of 0.63 em., a breadth of 1.90 cm., 
and a length of 2.54 cm., and was closed at one end and 
open at the other. The volts per em. which could be 
interrupted increased rapidly with the current, and were 
high in comparison with what could be done in a slot of 
like width with soapstone walls where accérding to 
Fig. 5 only about 60 volts r. m. s. per cm. length could 
be interrupted. 


It is evident that some factor other than the mere 
confining of the arc to the hole or slot is responsible for 
the extinction of the arc in the expulsion fuse, and Fig. 
6 shows that this factor is increased in intensity as the 
arc current increases. Measurements of the amount of 
wall material destroyed in the operation of the fuse 
reveals the nature of this factor. 


In one series of tests at about 2500 amperes, 60 cycles 
with a cylindrical fiber fuse case of 1.27 cm. internal 
diameter and 2.54 em. length, it was found that about 
0.25 gr. of fiber was decomposed per half cycle of arc. 
Assuming that decomposition of 1 gr. of fiber would 
give rise to 750 cm.? of gas at 0 deg. cent. 760 mm. this 
would correspond to 187 cm.* of gas generated per half 
cycle. For this gas to pass through the 1.27 cm.’ 
sectional are of the tube in one-half cycle, the gas would 
need to have a velocity of 180 meters per second. With 
the temperature of the gas much higher than 0 deg. 
cent., the gas velocity will be correspondingly higher. 

The are in the expulsion fuse then depends for its 
extinction upon an intense blast of gas generated by the 
decomposition of the material of the fuse case. On 
this account, the expulsion fuse loses its effectiveness at 
small values of current. If the fuse case were made of 
refractory material, it would also lose its effectiveness 
at larger currents. The expulsion fuse is a gas blast 
interrupting device. 


VIII. THE Gas BLAST SWITCH 


The expulsion fuse teaches us that an intense blast of 
gas passing longitudinally through an a-c. arc greatly 
increases the rate at which the are space recovers di- 


electric strength after current zero, and so greatly” 


increases the volts per cm. which may be interrupted 
by an arc in practical circuits. This is confirmed in 
practise.2" How does theory account for this great 
effect of a gas blast in the extinction of a long a-c. arc? 
Referring to Equation (12), it might be thought 
that the effect lies principally in increasing the factor 
W,, that is, in the direct cooling of the are space by the 
blast. A little reflection shows, however, that a greater 
effect is to be expected in an increase in the quantity A, 
that is, an increase in the rate of recombination of the 
ions. The gas passing through the are stream is in 
highly turbulent motion, and at any instant, and 
particularly at current zero, there will be small volumes 
of fresh, relatively cool, un-ionized gas dispersed 
throughout the are space. The recombination of ions 
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in a cold gas takes place at a tremendously greater rate 
than in a hot gas." Thus the tiny volumes of cold gas 
scattered through the are space act as nuclei which 
remove ions from the more densely ionized portions of 
the are space, and then because of their lower tempera- 
ture there, the ions which enter these cold nuclei spaces 
recombine at a much more rapid rate than they would 
in the hot gas which has just been carrying current. We 
may say that these small volumes of cold un-ionized gas 
present an immense internal surface at which deioniza- 
tion takes place in the arc space, or we may say that the 
ratio of perimeter to area of the section of the arc space 
which is actually highly ionized at current zero, is 
enormously increased. All these points of view lead us 
to expect that a blast of gas through an arc space will 
enormously increase the rate of deionization so that the 
volts per cm. which can be interrupted are greatly 
increased by this means. 

If the motion of the gas in the blast is not turbulent, 
but is of smooth stream line character, the blast will still 
cause the rate of deionization to be greatly increased by 
causing the section of the are stream to be greatly 
reduced at current zero. However, it would seem that 
such a blast would be much less effective than one which 
mixes turbulently with the ionized section, and since it 


‘is practically impossible to obtain an intense blast which 


is not turbulent, therefore the consideration of a non- 
turbulent stream line blast is not important. 

The important thing in applying a gas blast for the 
extinction of an arc is to make sure that the blast enters 
turbulently over the whole section of the are stream. 
This is best done by making the blast pass longitudinally 
through the are space. If a perpendicular blast is used, 
then the arc is merely carried along with the blast 
without mixing, and the only effect is a lengthening of 
the are, if its terminals are fixed. If the arc is stopped 
by coming against some barrier or “arc splitter,” then 
the blast becomes longitudinal and effective. 


IX. THE OIL CIRCUIT BREAKER 


In the oil circuit breaker, the are drawing contacts 
separate under oil, but the arc which forms plays in a gas 
bubble formed by decomposing oil. With large currents 
this gas bubble may attain considerable size}! 
Although the arc thus appears to be playing in a cham- 
ber of gas (the gas bubble) of considerable size, and 
therefore should not be very different from arcs in the 
open, nevertheless, the volts per cm. which can be 
interrupted are very much greater than for arcs in the 
open, amounting to several hundred volts per cm. 
Several suggestions were made by the author in a 
preceding paper,! as to the reason for this great are 
extinguishing power of the oil circuit breaker. Now as 
a result of further work several of these suggestions may 
be dismissed as being of only minor influence. 

The confining action of the gas bubble in the oil can 


12. Slepian, Flames from Electric Arcs, A. I. E. E. Quarterly 
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be dismissed as a cause of the are extinguishing power, 
when the cross section of the bubble is compared with 
sections of slots or holes necessary to cause like volts 
per cm. to be interrupted. To interrupt 200 volts per 
em. in air, at atmospheric pressure, according to the 
curve of Fig. 5, a slot would need to be less than 0.37 em. 
wide, but the linear dimensions of the section of the gas 
bubble in an oil breaker at 500 amperes is 10 to 20 cm. 
The greater pressure and the nature of the gas in the oil 
breaker can hardly be expected to be responsible for 
this very great difference. 

The suggestion may now also be dismissed that the 
hot oil in contact with the are might be conducting and 
thus act as a momentary resistance shunt in parallel 
with the are space, slowing down the rate of application 
of re-ignition voltage by the external circuit. Mr. C. L. 
Denault in a careful oscillographic investigation has 
failed to find current leakage through the oil immedi- 
ately after arc extinction of sufficient magnitude to 
affect appreciably the transient of the circuit. 

The suggestion that drops of oil or carbonized residues 
of such drops float in the are space and act as deionizing 
centers for the ions remains good, but now we may 
greatly improve this suggestion by making these 
deionizing centers or nuclei consist of volumes of 
relatively cool, un-ionized gas, arising from the decom- 
position of the oil and mixed turbulently into the are 
space. That this is the principal cause of the arc 
interrupting capacity of the oil circuit breaker seems 
overwhelmingly certain after the two preceding sections 
of this paper. Here then is the secret of the oil circuit 
breaker. The oil circuit breaker is a gas blast switch, the 
gas blast arising from the decomposing oil. 

This point of view leads to conclusions diametrically 
opposite to those usually held as to desirable and un- 
desirable features in oil circuit breakers. From this 
point of view, the decomposition of the oil instead of 
being entirely undesirable is the very feature which 
makes the oil breaker function. To improve the oil 
breaker, the rate of formation of gas should be increased, 
not decreased, provided of course that the gas formed is 
thoroughly mixed with the ionized gas which is carrying 
the arc. As a matter of fact liquids more volatile than 
the usual switch oil are used quite successfully in 
certain types of fuses. 

In the oil circuit breaker the attempt should be made 
to cause the oil to be decomposed at as rapid a rate as 
possible, and to cause the gases formed to pass turbu- 
lently over the whole section of the are stream. In this 
way the length of arc needed for a given voltage will be 
reduced and the arcing time lessened, so that in spite of 
the increased rate of gas evolution per unit time and per 
unit length of are, the total amount of gas generated in 
a particular switching operation will be lessened. 

The growth of the gas bubble in the oil breaker is a 
factor which works against the extinction of the arc, 
because clearly it causes the oil boundary to be at a 
considerable distance from most of the arc section, and 
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therefore causes the rate of decomposition of the oil to 
be reduced. For moderate currents the volts per cm. 
which can be interrupted decreases with increasing 
current since the gas bubble increases in size with 
current. For large currents, however, the bubble does 
not increase fast enough to compensate for the increased 
destructive effect of the arc, and so the volts per cm. 
which can be interrupted increase with current as in the 
expulsion fuse, Fig. 6. For the larger currents, however, 
there is an additional favorable factor arising from the 
strong magnetic field. 

It is well known that a so-called “‘blow-out’”’ magnetic 
field in an oil circuit breaker causes the volts per cm. 
which can be interrupted to be greatly increased, and it 
is usually assumed that as in the air magnetic blow-out 
switch the effect of the field is to bend the are out toa 
greater length. However, calculation shows that the 
forces involved in the time available can move the arc 
only a short distance in so dense a fluid as oil, and 
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a. Gas bubble in oil circuit breaker 

b. Gas bubble in fuller board structure in oil circuit breaker 
direct observation fails to show any bowing out of the 
are containing bubble. It seems more likely that the 
effect of the field is to cause the arc to be displaced in the 
bubble itself, so that instead of the greatest current 
density being at the center of the bubble, it is driven to 
one side close up against the oil wall. This causes a 
greatly increased rate of gas formation, which mixes 
with the ionized gas and at current zero accelerates the 
arc extinction. 

Since it is the growth of the gas bubble which causes 
the interrupting capacity of an oil breaker to diminish, 
it is clear that any means which will prevent the oil-gas 
bubble surface from receding from the arc will aid in the 
are extinction. This was found to be the case in the 
following experiment. 

A two break breaker of usual construction, with a 
21.5-em. stroke was used to interrupt 3500 amperes at 
7620 volts, 60 cycles. It was found that nearly the full 
length of stroke was needed, the average total length of 
are being 40.5 cm. The extinction thus took place at a 
gradient of 188 voltsr. m.s. per cm. of are. 
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The structure shown in Fig. 7B was then built around 
the are path. It consisted of plates of fuller board, 1.26 
em. thick with a central hole 1.58 cm. in diameter, 
spaced 1.9 em. apart. The two arcs were drawn in the 
central holes of the two structures. The fuller board 
was highly porous and of course became oil soaked. 
When the are was drawn, a gas bubble was generated, 
and the oil moved away from the are. The oil soaked 
fuller board was immovable, however, and so it kept oil 
surfaces down in the heart of the arc in spite of the 
receding gas bubble boundary. The rate of gas forma- 
tion must then have been greatly increased, and this gas 
was thrown directly into the ionized gas. An improve- 
ment in the operation of the breaker was therefore to 
be expected. ’ 


This improvement was found. In the same circuit as 
above the average total arc length for extinction was 16 
cm. so that the gradient was 475 volts r. m.s. per cm., 
more than twice the gradient obtained when the struc- 
ture was not used. 


X. ELECTROSTATIC BALANCE IN THE EXTINCTION OF A 
Lona A-C. ARC 


While a long arc is playing, the voltage gradient along 
the are stream is a fairly uniform one. This is because 
the resistance of the are stream is low so that the charg- 
_ ing currents which flow out of the sides of the arc due to 
the potential of the arc relative to surrounding objects, 
are small in comparison to the conduction currents 
flowing through the are, and so these charging currents 
have little effect in distorting the voltage gradient along 
the are stream. During the extinction period following 
current zero conditions are otherwise. 

The extinction of the a-c. arc, is a high-frequency 
phenomenon. In the extinction period, the voltage 
applied to the are terminals rises from a low value to a 
high value in a few microseconds. The charging cur- 
rents therefore may be quite high during this period. 
On the other hand the resistance of the arc space is 
rapidly increasing and the conduction current becomes 
correspondingly small. The charging currents may 
then become comparable to the conduction current, and 
considerable distortion of the gradient along the arc 
stream may result. After the are is extinguished, the 
voltage gradient along what was the arc stream will 
become that corresponding to the electrostatic field 
produced by the electrodes and other charged parts. 
In most practical interrupters, this field gives a highly 
distorted voltage gradient distribution along the arc 
path. 

It is clear that this electrostatic distortion of the 
voltage gradient along the are may very greatly di- 
minish the average volts per cm. which may be inter- 
rupted by an arc in any particular switch. This is 
illustrated by some tests with a two break oil breaker 
of usual construction. The distribution of the electro- 
static field in the open breaker was determined by Mr. 
B. P. Baker by setting a model of the open breaker in a 
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bath of electrolyte, and determining the equipotential 
surfaces when current was allowed to flow into one 
terminal and out of the other, this last terminal being 
connected to the tank. Fig. 8 shows the location of the 
10 per cent voltage equipotential surface. This shows 
that with the breaker open, more than 90 per cent of the 
applied voltage appears across the first break and less 
than 10 per cent across the second break. It was then 
to be expected that if this voltage distribution was 
approached during the extinction period, the second 
are would be of little assistance in interrupting a circuit. 
The first are would take most of the voltage building 
up across the switch terminals, and if it was over- 
stressed, it would break down and throw nearly full 
voltage on the second are. 

Experiment shows that this was the case. It was 
found that the arcing time was no greater when one 
break was shunted out by a flexible conductor, than 
when both breaks were used. Table II gives the test 
results. The tests were made at 60 cycles, with the 
short circuit grounded. The table shows the arcing 
times for the single break tests to have been actually 


Fig. 8—EqurroTENTIAL SURFACES IN AN Open O1L Circuit 
BREAKER 


TABLE II 


Circuit voltage Are current Number of breaks Arcing time 


22,000 volts 4000 amperes Two breaks 9 cycles 
22,000 fe 4000 bas One break hs 

22 O00 me 1700 cs Two breaks 12 “6 
22,000 “ 700 a ae One break | 9 £ 


shorter than for the two break tests, but the differences 
are no greater than occur in repetitions of the same 
test. If a large number of tests had been made, and 
averages taken, it is probable that the single break tests 
would show about the same arcing time as the double 
break tests. 

If the charged conducting parts of an open breaker 
are arranged so that the electrostatic field they produce 
gives a uniform gradient along the arc path, then there 
will be no distortion of the voltage gradient in the are 
stream during the extinction period, and there will be 
no lowering of the average volts per cm. for the arc 
length which can be interrupted. 
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This is illustrated by some experiments of F. C. Todd 
with an experimental narrow slot type switch. In these 
experiments the a-c. arc was driven by a magnetic field 
into a slot 0.158 em. wide between soapstone walls. 
The arc was 48 cm. long, and tests were made at 60 
cycles in a transformer circuit, in which the open circuit 
voltage could be varied in steps. At 2000 amperes 
r. m.s. the switch failed in every test when the circuit 
voltage was raised to 13,800 volts, although it operated 
successfully at 11,500 volts. There was then placed 
adjacent to the slot walls, a static shield, which con- 
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Fig. 9—Voutace DisrrisuTION UNBALANCED BY ELECTRO- 
STATIC CAPACITY 


sisted of micarta with imbedded tinfoil so designed that 
a uniform electrostatic field was produced in the narrow 
slot space. With the slot. so shielded, 2000 amperes 
r.m.s. was interrupted repeatedly in a single half 
cycle at 13,800 volts. As this was the highest voltage 
which the test circuit could give, the limiting volts per 
em. at which the shielded switch would operate could 
not be determined. 


It must not be concluded that a non-uniform voltage 
distribution along the arc path in an open switch will 
always lead to a reduction in the volts per cm. which can 
be interrupted by the are. It depends on how hard the 
arc space is worked during the extinction period, that is 
upon the volts per cm. and the shortness of the extinc- 
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tion time, as well as upon the are length. If the volts 
per em. are low during the extinction period, then the 
resistance of the are stream may still be low at the end 
of the period without breakdown occurring, so that the 
conduction current through the are space is still large 
compared to charging currents. The subsequent 
further increase of resistance of the arc stream then 
takes place in the 60-cycle régime where charging cur- 
rents are small. 

Hence, in many types of present day switches, addi- 
tion of electrostatic balancing means will give no im- 
provement in the interrupting capacity. But, in 
switches having very long arcs, or in which means are 
used to obtain an especially rapid deionization of the 
are space during the extinction period, static balance 
will be important. 


This will perhaps be better understood by reference to 
Fig. 9, which shows the distribution of voltage along a 
conductor of length D em., with a resistivity of R ohms 
per cm., and having a uniformly distributed capacity to 
space of C farads per cm. and to the terminals of which a 
voltage is applied which builds up at a uniform rate to 
V, voltsin T seconds. The distribution of voltage then 
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depends on the quantity ¢ = Thus if an 
are length is taken as D = 30 cm., and C is taken as 
1.383 < 10-* farads per cm. corresponding to a 1-cm. 
diameter arc space, and if the extinction time is taken as 
T = 10-* seconds, then to make ¢ = 0.2 which would 
make the maximum gradient along the are space twice 
the average, R would need to be 2.5 & 10° ohms per cm. 
Hence, for this are static balance will be important if the 
rate of deionization is sufficiently great to make the 
resistivity R of the are space reach 2.5 <X 10° ohms per 
em. in the time T = 10-* seconds. 


Discussion 
For discussion of this paper see page 441. 
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With Special Reference to System Stability 
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Synopsis.—T he relationship of the rupturing ability of oil circuit 
breakers to system stability problems is discussed, and conclusions 
are drawn as to the effectiveness with which the oil must be used in 
arc rupture if the requirements of stability are to be met. Past 
attempts to improve the rupturing performance of oil circuit breakers 
are reviewed and the results of an investigation of the processes of a-c. 
arc extinction in oil are discussed, from which conclusions are 
drawn as to the degree of efficiency with which oil has been used in 
conventional oil circuit breakers. 


INTRODUCTION 


HE importance of system stability as evidenced by 
the increasing interest in discussions of this prob- 
lem, has given rise to a growing demand on the 

part of the power companies for circuit interrupters 
which are capable of removing a fault before operation 
of the connected system and apparatus becomes 
jeopardized. 

The time involved in disconnecting the faulty portion 
of a system may be divided into three distinct elements: 
first, the relay time, necessary to detect the fault and 
energize the tripping circuit of the circuit breaker; 
second, the mechanical time, necessary to unlatch the 
breaker and move the contacts to the point of drawing 
an arc; and third, the arcing time, or the time required 
for the arc to be extinguished and the circuit interrupted. 
The first element, relay time, is a separate problem and 
may be considered as quite independent of circuit 
breaker operation. The second element deals largely 
with mechanical details which need not be discussed 
here. It is the purpose of this paper to discuss recent 
investigations dealing with the third element, arcing 
time, with particular reference to more efficient use of 
oil in arc rupture. 

A year ago three papers! were presented before 
the Institute, discussing the development of a dis- 
tinctive new type of interrupter, the Deion circuit 
breaker, which has proved particularly successful in 
interrupting high-power short circuits without the use 
of oil. 

However, there is at the present time among the 
power companies of this country and Europe, an im- 
mense investment in oil-filled switching apparatus 
together with the equipment and organization nec- 


*Circuit Breaker Engg. Dept., Westinghouse Elec. & Mfg. 
Co., Hast Pittsburgh, Pa. 

1. Theory of the Deion Circuit Breaker, J. Slepian, A. I. E. E. 
Trans., Vol. 48, 1929, p. 523. 

2. The Structural Development of the Deion Circuit Breaker up 
to 15,000 Volts, R. C. Dickinson and B. P. Baker, A. I. E. E. 
Trans., Vol. 48, 1929, p. 528. 

3. Field Tests of the Deion Circuit Breaker, B. G. Jamieson, 
A.I. E. E. Trans., Vol. 48, p. 535. 

Presented at the Winter Convention of the A. I. E. E., New York, 
N.Y., Jan. 27-31, 1930. 


H. M. WILCOX 


Member, A. I. E. E. 


and 


A description is given of a new device, known as the deion-grid, 
developed to permit the application of scientific principles to arc 
extinction in oil, and its theory of operation is discussed together 
with the results of interrupting tests in both the laboratory and field. 
Conclusions are drawn as to the effectiveness of this device in improv- 
ing the rupturing performance of oil breakers and its suitability for 
use where questions of system stability are involved. 
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essary to maintain that apparatus. In fairness to 
those who in good faith have made this investment, 
opportunity should be offered for securing a just re- 
turn. However desirable it may be to eliminate the 
use of oil from high-voltage switching service ultimately, 
any development which serves to make more efficient 
use of oil in the apparatus now in service, or in 
that which must inevitably be installed for some time 
to come, will find a distinct field of usefulness. A 
device developed with this purpose in mind is discussed 
in this paper. 

It may be noted in passing that the circuit breaker 
discussed here bears no particular relation to the Deion 
air-break circuit breaker and should not be confused 
with it since the two are different in construction and 
theory of operation. They may both, however, be 
regarded as the result of an intensive research develop- 
ment dealing with fundamental are phenomena, which 
has been carried on for a number of years by the organi- 
zation of which the authors are members. 


PRELIMINARY INVESTIGATION 


Investigation of results heretofore obtained with 
conventional, double-break, oil circuit breakers showed 
an astonishingly wide range in interrupting performance 
under differing circuit conditions. For instance, short 
circuit tests on a resistance circuit of high power factor 
showed these breakers to have a rupturing ability of 
10,000 volts or better, per inch of total contact separa- 
tion in the two breaks. This is a very good perform- 
ance; but the same breaker, tested at the same voltage, 
on a highly reactive circuit of low power factor with 
oscillatory characteristics, showed consistently a rup- 
turing ability of less than 1000 volts per inch of total 
break distance due largely to transient circuit conditions 
often found in testing circuits where the effect of a 
parallel system is missing. This is a relatively poor 
performance, resulting in a period of arcing much longer 
than is desirable if faulty portions of the circuit are to be 
disconnected in keeping with the requirements for 
system stability. High power factor conditions are 
obtained for the most part on operating systems, even 
under a short circuit, but it was realized that a fault 
may introduce other conditions temporarily, making it 
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more difficult for the breaker to interrupt the circuit at 
the very time when speedy and reliable interruption is 
most essential. Obviously, some means was necessary 
for bringing the rupturing performance under the worst 
conditions more nearly in line with that under the best 
circuit conditions; in other words, to make more effi- 
cient use of the oil in are rupture. 

In a paper‘ presented before this meeting of the 
Institute, Slepian has concluded as a result of his studies 
of an a-c. arc in gases, that the extinction or re-ignition 
of such an arc following a current zero is dependent 
principally on two factors: first, the rate at which the 
are space recovers dielectric strength after current 
ceases to flow; and second, the rate at which the voltage 
applied to the are terminals by the external circuit 
builds up. The first of these factors depends very 
largely on the are space, while the second depends 
principally on external circuit conditions. Reviewing 
the test results set forth in the preceding paragraph in 
the light of this conclusion, it was evident that the 
interrupting medium, the are drawing members and 
the surrounding oil, was the same in the two types of 
tests and that conditions in the arc space must have 
been substantially the same, at least up to the point in 
contact travel at which that space successfully with- 
stood 10,000.volts per inch of break distance. If, then, 
the rate at which the are space recovered dielectric 
strength was substantially the same in both cases, the 
factors which produced the wide variation in perform- 
ance must have been associated with the way in which 
the restored voltage was applied to the arc terminals by 
the external circuit, that is, the generated voltage at the 
time of current zero, the nature of oscillatory frequency 
of the connected circuit, and the amount of “over- 
shooting” accompanying this oscillation. 


Since it is outside the province of the circuit inter- 
rupting medium to control the external conditions 
governing the rate at which recovery voltage builds up 
after the current zero, the alternative was to speed up 
the rate of recovery of dielectric strength in the arc 
space to a point at which it could successfully withstand 
the voltage impressed across it. The tests made under 
the best circuit conditions showed that up to a certain 
point in the rate of rise of recovery voltage, the oil 
circuit breaker as heretofore used was capable of giving 
a very satisfactory interrupting performance. It 
remained only to find some means of increasing the rate 
of rise of dielectric strength in the are space in order to 
extend this satisfactory performance over the entire 
range of circuit conditions. : 

The actual processes of are extinction in oil have been 
heretofore very poorly understood. The phenomenon 
of the “gas bubble,” that area in the vicinity of the 
arcing space in which oil is either entirely absent or 
present only in small quantities, has been known for 
some years, and various European engineers, notably 
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Altbuerger,> have secured photographs with various 
special test equipment showing the existence of such 
an area or “bubble” in connection with the drawing of 
an arc in oil. The process by which this gas-filled area 
is formed by the volatilization of the oil adjacent to the 
arc, the manner in which it is maintained during the 
existence of the arc, and the way in which it is finally 
dissipated, have been fairly well understood. from 
analysis based largely on theoretical considerations. 
The effect of this gas on are rupture, however, has not 
been so clearly understood and in many quarters this 
generation of gas has come to be regarded in the light of 
a necessary evil to be borne only until such time as 
someone should develop a quenching liquid with other 
and more desirable characteristics. Such theories as 
have been evolved up to the present time concerning the 
extinction of an arc in oil have been more or less vague 
but in general have been associated with oil films or 
pressure built up by the sudden expansion and genera- 
tion of gas in a relatively immobile body of oil. Variable 
rupturing performance, generally described as erratic, 
has been noted for many years but, far from being 
explained, it has come to be regarded as characteristic 
of oil circuit breaker operation. 

A review of the various attempts made during the 
history of oil circuit breaker development to improve 
the rupturing performance throws further light on the 
impressions prevailing concerning the processes of arc 
extinction in oil. Many of these attempts have been 
directed toward forcing oil into the are stream by some 
means for increasing the pressure in the arcing area such 
as, increasing the head of oil above the contacts to gain 
the additional hydrostatic pressure; increasing the pres- 
sure locally by semi-enclosed chambers designed to re- 
tain the gases generated by are action and release them 
only slowly after the arc is extinguished; barriers 
arranged to deflect or divert oil into the arcing area; 
and various other devices all of which improved the 
performance in degree only and gave no promise of in- 
creasing the rate of recovery of dielectric strength 
throughout the entire arcing space that was desired in 
this particular investigation. Analysis of tests made 
with an increased number of contact breaks showed 
clearly that no increase in the rate of recovery of di- 
electric strength was to be obtained in this manner; in 
fact, it was noted that the decrease in time duration of 
arcing was by no means proportional to the increased 
length of arc drawn, some tests made with six breaks 
showing practically no improvement over those made 
with four breaks. Substantial improvement in per- 
formance was obtained by the use of quick-break or 
high-speed contacts designed to draw the are at such 
speed as to insure that that portion of the arc nearest its 
moving contact terminal was always out of the gas- 
filled area and in cold oil. This undoubtedly increased 

5. ‘Experimental Investigation of the Process of Interrupting 


a 6000-Volt Circuit under Oil,’ P. Altbuerger, Archiv f. Elek- 
trotech., Vol. 21, No. 1, 1928, p. 61. 
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the rate of recovery of dielectric strength over a small 
portion of the are space but it was desired to extend 
this effect over a much larger portion of the are drawing 
space. 

The oil jet as a device for improving rupturing per- 
formance has intrigued circuit breaker designers for a 
great many years. Patent Office files show that as 
early as 1908 ideas had crystalized along this line and 
various devices had been developed for injecting into 
the are stream a jet of oil, generally directed from 
orifices in the movable contact member so shaped as 
to use the natural displacement of oil due to contact 
movement as a driving force. External sources of 
pressure, released by the tripping operation of the 
breaker contacts, have also been used for the purpose. 
A considerable series of tests made by the authors 
and their associates, using various forms of oil jet, 
forced the conclusion that no appreciable improvement 
in performance was to be obtained by the use of a jet 
within the range of pressures that can be generated by 
oil displacement due to contact movement. It was not 
until nozzle pressures of from 150 Ib. per square inch 
upward were used that any marked improvement was 
noted and then the results were extremely erratic, the 
maximum duration of arcing in a single series of similar 
tests being twelve times that of the minimum duration. 
Only after something approaching a “sea of oil’ was 
moved into the arcing area were anything like consistent 

_results obtained. 

Analysis of these test results opened up a new line of 
thought. The condition of conducting members in the 
vicinity of the contacts after tests with the oil jets at 
heavier pressures, indicated that in some cases the arc 
had assumed a new position outside the range of the jet 
and had persisted, unaffected by it. The picture was 
then presented of a relatively mobile arc with negligible 
inertia playing in a gas-filled area, free to bend and 
twist, assuming with ease a new position in the gas to 
avoid a jet of oil directed toward it or, at the lighter 
nozzle pressures, possibly moving freely ahead of the 
jet, carrying its own ionized atmosphere with it in a 
fairly homogeneous stream. With this picture in mind, 
the futility of attempting to direct a fixed jet of oil 
against an are which was free to move about through a 
relatively large area was apparent. At the same time, 
it was obviously impracticable from the point of view of 
operating service to move sufficient quantities of oil 
into the arcing area to fill it completely, leaving no 
means for the arc to avoid it although sufficient tests 
were made along this line to satisfy the authors as to 
the correctness of their theory. 

One fact remained outstanding throughout this in- 
vestigation. Along the upper range of short circuit 
current values, 20,000 amperes and above, rupturing 
performance so far as duration of arcing is concerned 
was uniformly good. One-half to one cycle of arcing, 


with an occasional maximum of one and one-half cycles » 


on a 60-cycle wave, was the usual performance in heavy 
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current switching. Regardless of the type or construc- 
tion, with or without any of the various devices for 
improving rupturing performance, all breakers met on a 
common ground in this field and the rate of recovery of 
dielectric strength in the are space was adequate for all 
conditions. This phenomenon has been recognized for 
a great many years and has generally been ascribed to 
the inherent blowout effect due to the current loop 
formed by the arrangement of terminal leads and con- 
tact members in the conventional oil circuit breaker 
chamber, although no very convincing theory has 
heretofore been advanced to explain how the rupturing 
ability of the breaker was increased by this blowout 
effect other than that the are was “‘stretched”’ to greater 
length, due to the looping effect, and thus exposed to 
action of the oil over a greater surface. In any except 
the very high voltage breakers, the two sides of this 
loop, the terminal leads, are sufficiently close together 
to result in very considerable blowout forces at heavy 
currents. . 

Some time ago, one of the authors of this paper pre- 
sented before the Institute a paper® discussing a high- 
speed oil circuit breaker designed for 12,000-volt, a-c. 
railway electrification. In this breaker, the inherent 
blowout effect in the breaker loop was supplemented by 
a powerful blowout magnet which enabled it to give a 
rupturing performance at 2000 amperes equal to or 
better than that given by conventional breakers without 
such a magnet at 20,000 amperes. In the light of the 
conclusions drawn from the results of the oil jet tests, the 
effect of heavy blowout forces assumed a new signifi- 
cance. A new element had been introduced; the arc 
no longer retained its general mobility with freedom to 
move about at will over the gas-filled area, but was now 
mobile in one plane only, the plane in which the blow- 
out force was acting. However, this blowout force 
constituted a distinct driving force which tended to 
move the are outward in that plane so that, although the 
are terminals were relatively fixed on the contact 
members, the middle portion of the are with negligible 
inertia was looped out sharply and very rapidly. But 
the blowout forces have no such effect on the gases 
surrounding the are stream and as a result, the are no 
longer played in a relatively still, hot, ionized atmos- 
phere of gas but was forced against what may be de- 
scribed as the outer wall of the gas-filled area or “gas 
bubble,” in other words, against cold oil, and was ex- 
posed to the deionizing action of that oil through at 
least a large percentage of its length. Furthermore, it 
was held there, unable to move away to a better con- 
ducting path, and was forced farther into the oil with 
any tendency of the gas field to increase in size in that 
direction. 

For the space of time required to extinguish an a-c. 
arc, the body of oil in the breaker chamber is relatively 
immobile. The arc itself, however, has a rather high 


6. High-Speed Circuit Breakers for Railway Electrification, 
H. M. Wilcox, A. I. E. E. Trans., Vol. 47, 1928, p. 1285. 
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mobility. Consideration of these facts led to the 
conclusion that the logical course was not to move oil 
against the arc, an immobile body against a mobile one, 
but to move the arc against the oil, utilizing the natural 
mobility of the one and the immobility of the other to 
hold them in intimate contact. At the higher trans- 
mission ‘voltages, short circuit current values are so 
small as to have little inherent blowout effect, and the 
conventional blowout magnet offers grave difficulties in 
- the way of insulation in circuit breakers for this class of 
service. It was realized, however, that if the degree of 
immobility of the oil could be increased, for instance, 
held on or adjacent to surfaces from which it could not 
escape except to be given off into the are stream, only mod- 
erate forces might be required to move thearc toward the 
entrapped oil and thus secure intimate contact between 
the are and oil. 


Fia. 1—Insipe VIEW oF THE OiL Circuir BREAKER EQUIPPED 
witH DrIon GRIDS 


With this object in view, there has been developed 
for use in conventional oil circuit breakers, a device 
which at the present time has shown very marked im- 
provement in the rupturing performance of such 
breakers and which will be referred to in the following 
descriptive paragraphs as the deion-grid. 


CONSTRUCTION AND OPERATION 


Except for the details in the vicinity of the contacts, 
breakers now made with this device are the same in all 
respects as the standard breakers which have been 
supplied for service for a number of years. As the 
application of the new device broadens, it is quite pos- 
sible that modifications in the design of other details of 
the breaker may be found desirable in order to secure 
full benefit from the improved rupturing performance 
and are control, but for the present these details re- 
main unchanged, insuring the application of the device 
to breakers now in service. 

Fig. 1 shows the contact arrangement inside the 
chamber of a single-pole breaker unit. The conven- 
tional condenser terminal leads, each with a stationary 
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contact element at its lower end, and. the bridging, 
movable contact element constitute the conducting 
current loop while the interrupting elements in which 
the two arcs are drawn, are supported, one from each 
stationary contact. The current-carrying contacts are 


Fie. 2—Tur Arc EXTINGUISHING STRUCTURE, REFERRED 
TO AS THE DEION Grip, Reapy ror MouNTINGIN AN O1L Circuit 
BREAKER 


of the plain-break butt-contact type, the movable 
member being of rigid but light construction well 
adapted to rapid acceleration for fast opening speed. 
The stationary contacts are equipped with the conven- 


Fie. 3—AN EtemMentTAL Groupe or UNIT OF WHICH THE 
Deion Grips arRE Mave Up, SHOWING THE ARRANGEMENT OF 
THE IRON AND INSULATING MATERIALS 


tional bells or static shields common to circuit breakers 
for high-voltage service. 

The interrupting element or stack of grid plates from 
which it has derived its name is shown in Fig. 2, one 
of these grids being supported from each stationary 
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contact element as shown.in Fig.1. The particular grid 
shown here is designed for 110-kv. service and is made 
up of eleven similar units such as are shown in Fig. 3, 
each unit in turn being made up of plate elements of 
insulating and magnetic material as shown in Fig. 4. 
Each individual grid plate carries a slotted opening, the 
purpose of which will be explained later, and four holes 
so arranged that when the several units are stacked up 
in the completed grid, insulated studs can be passed 
through for the purpose of clamping the units firmly 
together and for supporting it from the stationary con- 
tact element. The bottom plate or lowermost unit of 
the stack as shown in Fig. 2, is a single plate of insu- 
lating material serving as an anchorage for the clamping 
studs as well as a guide to insure accurate entry of the 
movable contact element into the grid during the closing 
contact movement. 


Fig. 4—T He ELeMEntTs OF IRON, FiseR, AND FULLERBOARD USED 
In Burtprine Eacu Unit oF tHe DE1on-GRIps 


As shown in Figs. 2 and 3, the slotted openings in 
each individual plate element all register in the com- 
pleted grid to form a single deep and relatively narrow 
groove, extending throughout its length. This groove 
is closed at one end of the grid but open for its entire 
length at the other end, the two grids in any pole unit 
being arranged so that the long axes of these grooves lie 
in the plane of the movable contact element with the 
open end of the two grooves facing each other. The 
ends of the movable contact element extend through the 
open ends of the grooves well into the narrow portion, 
one end of the contact in each grid. As the contacts 
part on opening, the movable element passes downward 
through the groove and on to the end of the stroke, well 
out of the grids, leaving an ample space of clean oil 
between the contact surfaces and the bottom of the 
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grid to insure adequate insulation in the open position of 
the breaker. The are produced by parting of the con- 
tacts is then drawn and extinguished in this narrow 
groove, closed on all sides except for the opening at the 


Fig. 5—Tue Oren Tyre or Derron-Grip CONSTRUCTION 


inner end necessary to permit contact movement and 
the openings at the top and bottom of the grid. 

The iron plate elements in the grid are inserted to 
produce a magnetic field for the purpose of moving the 
are toward the closed end of the groove after it is 
drawn. As shown in Figs. 3, 4, and 6, each individual 
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Fig. 6—ScuHemMatic RELATIONSHIP OF THE ARC AND ELEMENTS 
oF THE Grip STRUCTURE, SHOWING THE MANNER IN WHICH THB 
Drivine Forcr on THE ARC Is PRODUCED 


iron plate is roughly horseshoe shaped, forming a partial 
magnetic circuit with an air-gap corresponding to- the 
slotted opening in the insulating plate elements. As 
the contacts part when opening the breaker, an arc is 
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drawn between the stationary and moving elements in 
the narrow groove of the grid. As the contact moves 
downward toward the open position, the are is drawn 
through the air-gap of the iron plate, giving rise to a 
magnetomotive force in the iron circuit and across the 
air-gap of one turn times the current in the are. As the 
contact continues downward, the same effect is pro- 
duced in the next succeeding iron plate and so on until 
the arc is extinguished. These magnetomotive forces 
are applied almost entirely across the air-gaps in the 
several grid plates, distorting and strengthening the 
magnetic field around the are in such manner that the 
arc is moved toward the closed end of the magnetic 
circuit which is also the closed end of the groove. The 
main field produced in the iron plates is indicated in 
Fig. 6 in the conventional manner by dots in the air- 
gap and crosses in the iron return circuit. The local 
field around the arc is indicated by the dots and crosses 
in circles. This local field reacts in the usual way with 
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Fig. 7—Tue CHARACTERISTIC RELATIONSHIP OF ARCING 
Time AND CURRENT FOR THE CONVENTIONAL QuiIcK-BREAK 
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the main field to give the motor action producing a 
driving force on the are. 

Exhaustive tests made with this form of magnetic 
field indicate that with the small air-gap used in these 
plates, the single-turn effect of even the lowest current 
values in the arc is sufficient to produce a field adequate 
for interrupting requirements under the worst circuit 
conditions. When heavy currents are flowing in the 
are the single-turn magnetic blowout effect may be 
sufficient to extend the arc faster than can be done by 
contact travel alone, in which case the arc loops down- 
ward in the groove below the traveling contact in much 
the same manner that it loops outward in the hitherto 
conventional oil breaker. In both cases the result is the 
same; the arc is extinguished very rapidly. 

From the description here given it will be apparent 
that the construction of these grids admits of a large 
number of variations or modifications which may prove 
desirable or necessary to meet any particular circuit 
condition. The number of unit groups in the grid may 
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easily be increased or decreased to meet service voltage 
requirements; the number of iron plates and the amount 
of iron in each plate may be varied without difficulty; 
the size of the slots, the size of the plates themselves, or 
even their material, may all be changed at will. The 
grid shown in Figs. 1 and 2 are built up solid, that is, the 
groove is entirely closed at the outer end except for 
openings at the top and bottom. For certain classes of 
service, it may prove desirable to space the unit groups 
apart by washers around the clamping studs, as shown 
in Fig. 5, to permit a more open groove. There are still 
other conditions in which it may be desirable to use a 
grid closed even more than the one shown in Figs. 1 and 
2. Certain fundamental requirements must be ob- 
served, however, and whatever the size, shape, or 
amount of materials used, to be operable, the opening 
within the grid must be capable of entrapping oil and 
holding it intact while the magnetic field must be so 
proportioned as to insure positive movement of the arc 
into intimate contact with the entrapped oil until the 
are is extinguished. In general, it may be said that it is 
the intention to extend the use of a single set of grid 
details over as wide a range of service voltages as 
possible in order to simplify maintenance and service 
problems. 


THEORY OF OPERATION 


From his study of the long a-e. arc as observed in the 
rupturing performance of the expulsion fuse, Slepian‘ 
has drawn the conclusion that an intense blast of gas 
passing through an arc greatly increases the rate at 
which the are space recovers dielectric strength after the 
current zero, and so greatly increases the volts per unit 
of length which may be interrupted by an arc in prac- 
tical circuits. He concludes further that this increase 
in the rate of recovery of dielectric strength is derived 
largely from the increased diminution of ions in the 
conducting path through recombination, since the gas 
passing through the are stream is in highly turbulent 
motion and, particularly at the current zero, supplies 
small volumes of fresh, relatively cool, un-ionized gas 
which, dispersed throughout the arc space, act as nuclei 
about which the recombination of ions takes place at a 
tremendously greater rate than would be possible in 
the hot gas of the arc stream alone. 

The vastly improved rupturing performance of 
conventional oil circuit breakers when heavy blowout 
fields are present, as discussed earlier in this paper, may 
be explained in the light of this theory. The are, 
immobile except in one plane, but moved in that plane 
by a powerful driving force, assumes a position against 
what may be described as the outer periphery of the 
gas-filled area. It may even be assumed that the arc, 
extremely mobile in this one plane, cuts into the wall of 
surrounding oil and continues to loop outward, tending 
to increase the size of the gas-filled area in this direction 
by leaving a field of gas behind it as it proceeds. 

The intimate contact between the arc and the oil 
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body, produced by this cutting movement of the arc 
through the oil, results in decomposition of that portion 
of oil immediately in front of the are and the generation 
of a continuous supply of gas. This gas must find some 
means of escape to the gas-filled area behind the are and, 
in view of the forces involved, the path of least resis- 
tance lies directly through the are stream itself. We 
have then a continuous supply of fresh, relatively cool, 
un-ionized gas passing laterally through the are stream 
in highly turbulent motion throughout at least a large 
percentage of its length. ‘The nuclei about which 
recombination of ions rapidly takes place are thus 
freely dispersed throughout the are stream and the rate 
of recovery of dielectric strength is very measurably 
increased. Under these conditions, one or two re-igni- 
tions at the current zero has been the usual performance 
in the past and many cases have been noted, particu- 
larly in the high-speed oil breaker, in which there was no 
re-ignition at all, the circuit being interrupted at the 
first current zero. 
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Fig. 8—OsciILLOGRAM OF A SINGLE-PHASE INTERRUPTION 
ON A SINGLE-PoLEeE Circuir Breaker EQuipPeD witH DrIon 
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In contrast to this the rupturing performance when 
blowout forces were absent has been, heretofore, quite 
different. The curve in Fig. 7 shows the characteristic 
relation between duration of arcing and current inter- 
rupted for a conventional double-break oil circuit 
breaker. It will be noted that for current values in the 
range of normal switching operations, the period of 
arcing is short. As current values increase into the 
range of those encountered on short circuit, the duration 
of arcing increases up to the point at which inherent 
blowout forces begin to exert an influence, and then 
decrease to the point in very heavy currents at which 
the conditions discussed in the previous paragraphs 
are obtained. 

This apparent decrease in the rate of recovery of 
dielectric strength when blowout forces are absent may 
be attributed to the tendency of the arc to play about in 
the gas-filled area with little opportunity for fresh un- 
ionized gas to be injected into the are stream. Deioni- 
zation in this case may be brought about largely through 
diffusion of ions from the surface of the arc to the 
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surrounding gas and by turbulence in the oil body 
making accidental contact between the are stream and 
the oil. For the lower current values, the are being of 
relatively small cross section, the ratio of cross section 
of the are to its perimeter is small and the diffusion of 
ions from the surface of the are stream into the sur- 
rounding, relatively cooler gas is sufficient to produce 
the necessary rate of recovery of dielectric strength. 
Furthermore, the gas field in this case is small and may 
be regarded as a slender, comparatively long tube of gas 
surrounding the arc, easily distorted or broken, so that 
contact with the surrounding oil at some point in the 
arc stream is assured. 

As the current in the are increases in value, however, 
the cross section becomes larger, the ratio of cross 
section to periphery increases, and deionization by 
diffusion at the surface of the arc stream becomes of 
relatively less effect so that the rate of recovery of 
dielectric strength is decreased. Also, the gas field in 
this case is larger and may be regarded as a sphere or 
bubble, with considerable mechanical stability, so that a ~ 
relatively greater degree of turbulence in the oil body is 
necessary to distort or disrupt it. As a consequence the 
possibility of adequate contact between the are and the 
oil is lessened or at least delayed. As the current in the 
are increases still further in value and blowout forces 
begin to be effective, more and more contact is obtained 
between arc and oil until a point is reached at which the 
rate of recovery of dielectric strength is adequate to 
reduce the arcing period to a minimum. 

It appears then that to be most effective in a-c. are 
extinction, the oil circuit breaker must be capable of 
drawing and maintaining the are continually in contact 
with fresh oil, that this contact between arc and oil must 
be sufficient to produce a high rate of decomposition of 
the oil, and the surroundings must be such as to force all 
of the gas and other products of oil decomposition to 
penetrate the are stream, throughout its entire length. 
The investigation and tests made by the authors and 
their associates indicate that when these conditions are 
fulfilled, the rate of recovery of dielectric strength in the 
are stream after a current zero will be adequate to cope 
successfully with the rate at which recovery voltage may 
build up across the are terminals under any circuit 
conditions to be found in practical service. 

It was in an endeavor to meet these requirements for 
most effective are extinction, in other words to make 
more efficient use of the oil in are rupture, that the 
deion grids described in this paper were developed. 
As stated previously, the aim was to utilize to better 
advantage the relative immobility of the oil and the 
extreme mobility of the long are using the natural 
forces inherent in these two elements to secure the 
desired results. 

From the description of its construction and operation 
given in earlier paragraphs, it will be noted that the are 
is drawn between the parting contacts in a vertical, 
relatively narrow, deep groove formed by slots in the 
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several plate elements of the grid and closed at the 
outer end. Plates of magnetic material, spaced at 
intervals throughout the grid and so arranged as to 
form a partial return circuit, provide a magnetic field 
when an arc is drawn through the air-gap which is a part 
of the groove. This magnetic field operates to move the 
arc steadily toward the closed end of the groove. 
Since the grid is submerged in oil, the groove is filled 
with oil which cannot escape except through the small 
openings at top and bottom and which for the short 
interval of time that the arc exists is for all practical 
purposes solidly entrapped. Furthermore, the groove 
is very narrow and the arc, drawn longitudinally 
through it, fills practically the entire open end of the 
groove. 

From this it will be apparent that an arc moving to- 
ward the closed end of the groove is in effect being 
forced against a solid wall of oil throughout its entire 
length, resulting in a high rate of decomposition of the 
oil with an accompanying continuous and adequate 
supply of fresh un-ionized gas. This gas cannot escape 
except through the are stream since the arc fills the 
open end of the groove. Due to the driving power 
behind the arc, the gas is forced to pass through the are 
stream, diluting it with small volumes of un-ionized 
gas, while current is flowing, which act as deionizing 
surfaces after the current zero is reached. An addi- 
tional deionizing effect is obtained from the sides of the 
groove where the are impinges as it moves. The in- 
sulating plate elements in the grid are of absorbent 
material containing in their submerged condition con- 
siderable oil content. As the are passes over the edges 
of these grid plates exposed in the sides of the groove, 
the heat forces this material to give off its oil which is 
also volatilized and thrown turbulently into the arc 
stream. ‘This characteristic of giving off oil and creat- 
ing a gas film along the edges of the plate elements also 
serves to protect them from burning under the heat of 
the are. Large numbers of interrupting tests have 
been made with a single set of grids without appreciable 
burning. 

In review it is possible to formulate the theory of 
operation of the deion grid or of any oil circuit breaker 
in the following statement: The efficiency of rupturing 
performance of an oil circuit breaker, or therateat which 
the are stream regains its dielectric strength after the 
current zero, is directly proportional to the effectiveness 
of the means for preventing the escape of gases 
generated in the vicinity of the are without passing 
through the arc stream. 


LABORATORY TESTS 


Power for development tests of the deion grids was 
supplied by two 20,000-kv-a. generators either direct- 
connected or feeding through a bank of three 33,333- 
ky-a. transformers. The voltage and current applied to 
the test breaker was controlled by connections on the 
generators, transformers, and a bank of air-core re- 
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actors which were always connected between the gen- 
erators and transformers when the latter were in use. 
The high-voltage power transmission line between the 
transformers and the test breaker was only a very short 
overhead system. The time constants and oscillatory 
characteristics of the circuit were very poor, sometimes 
causing ‘‘over-shooting” to twice the nominal restored 
voltage. The tests on the grids shown in Figs. 1 and 2 
were all made at 60 cycles with currents ranging from 
20 amperes to 15,000 amperes, and at voltages of from 
13,200 to 176,000. The maximum energy for any test 
was the plant capacity of approximately one-quarter of 
a million kv-a. single phase. 

Fig. 8 shows a typical oscillogram of a single-phase 
short circuit taken during these tests. The initial 
voltage on this test was 86 kv. across a single pair of 
contacts. However, due to the decrement of the 
generators the restored voltage was reduced to 77 kv. 
The current at the time of drawing the are was 1200 
amperes. The are was extinguished in 2.5 cycles or 
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approximately 30 per cent of the opening stroke, during 
which time 100 kw.-seconds of energy was dissipated, 
producing a maximum pressure of 18 Ib. per square inch 
as registered by the pressure indicator attached to the 
bottom of the tank. The contact separation at the time 
of extinction was only 514 in., which is equivalent to 
7000 volts per inch of total break distance (11 in.). 
This value of volts per inch is considerably larger than 
might be expected from the upper curve in Fig. 9, but 
it may be noted that the voltage for this test is higher 
than that of the tests used for obtaining the relation 
shown in the curve. Fig. 9 shows the r. m. s. restored 
volts across the contacts per inch of total break distance 
plotted as a function of current interrupted; that is, the 
ordinates are obtained by measuring the restored volt- 
age across the breaker upon arc extinction and dividing 
this voltage by twice the amount of contact separation 
at the time of are extinction. The tests from which 
these data were obtained were all made on a standard 
single-pole oil circuit breaker tested at 38 kv. across a 
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single pair of contacts. The lower curve shows the 
results of tests using standard quick-break contacts. 
The upper curve shows the operation of the same 
breaker under the same test and circuit conditions, 
with a set of deion-grids as shown in Fig. 1. The 
operating characteristics as shown by the two curves 
are self-explanatory and need no further comment 
other than to point out that the upper curve may be 
expected to continue almost horizontally as the current 
is increased, while the lower one will undoubtedly rise in 
accordance with the characteristics shown in Fig. 7. 
Although these two curves may be expected to approach 
each other it is improbable that they will cross. 

Fig. 10 shows the relation of arc energy to current 
interrupted for the quick-break contacts and for the 
grids in the preceding tests. The upper curve shows the 
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are energy in kw.-seconds plotted as a function of 
current for the quick-break contacts, while the lower 
curve shows the same relation for the grids. The large 
are energy and the scattering of the points in the upper 
curve illustrate the inefficiency and lack of control of 
the deionizing agencies inherent in the less effective use 
of oil hitherto obtained. 

Slepian‘ points out in his paper that the rate of gas 
generation just preceding the point of extinction is the 
important factor, rather than the total are energy or the 
average arc power over the arcing period. In other 
words, the effectiveness in raising the breakdown value 
of the arc path is a direct function of the rate at which 
turbulent, cool, un-ionized gas is thrown into the hot 
ionized gas of the are stream. It is therefore evident 


that not only the rate of gas generation, but the effec- 
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tiveness with which all the gas generated is directed 
into the are stream determines the efficiency of the oil 
circuit breaker as an interrupting device. 

In the design of the grids, it is the aim to keep the are 
energy to a minimum, the gas generated low, and 
therefore eliminate excessive and unnecessary oil 
deterioration and the possibility of high and dangerous 
pressures. In one set of 95 single-phase interrupting 
tests at currents ranging from 250 to 4500 amperes, the 
majority of which were in excess of 1000 amperes, and 
at voltages between 38 and 88 kv. the voltage gradient 
necessary to break down the oil was reduced from 28 kv. 
per tenth of an inch before the tests to 25 kv. per tenth 
of an inch after the test. This slight deterioration of the 
oil together with the small amount of burning of the are 
drawing members and the perfect condition of the grids 
indicated that the breaker was still in condition for 
continued interrupting service. 

Since the gas generated, and therefore the total 
pressure developed in the tank, is proportional to the 
arc energy, it is evident that with the grids, they will be 
less than in the more conventional type of oil breaker. 
While at heavy currents the forces generated within the 
grid assumes larger proportions, these forces are con- 
fined to the grid itself except for the reaction of the gas 
stream passing out the open end of the groove after 
traversing the arc space. The main force may be 
assumed as having its origin in the iron circuit of the 
magnetic field, that is, the field exerts a primary force on 
the are, which is transmitted to the entrapped oil and 
gas in the groove. The oil and gas in its attempt to 
move away from the arc exerts a force on the closed end 
of the grid, which in turn is transmitted back to the 
iron plates. No distortion or movement of the stacks 
was noted in a series of interrupting tests over the 
current range up to 15,000 amperes at 18,200 volts and 
6000 amperes at 69,000 volts. 


FIELD TESTS 


At the time this paper was prepared the deion-grid 
has been subjected to field tests on only one operating 
system. These tests were divided into two series, both 
of which were made on a 66-kv., 60-cycle overhead 
transmission line, the maximum short circuit current 
available being approximately 7000 amperes. A three- 
pole, 600-ampere, 110-kv. electrically-operated oil 
circuit. breaker already installed was equipped with 
grids and used for both series of tests. 

Practically all tests were on the open-closed-open 
cycle of operation and were made for the most part in 
sets of three interruptions with a pause for changing 
films in the oscillograph. As a measure of the duty to 
which the breaker was subjected, it may be noted that 
on one series of tests 40 circuit interruptions were made 
within an elapsed time of one hour and forty-four 
minutes, one pole of the breaker being involved in 30 
of these interruptions. 

Both series of tests involved single-phase and three- 
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phase short circuit interruptions, the single-phase tests 
being made at 42,000 volts line-to-ground except for 10 
tests which were made at 69,000 volts line-to-line. All 
three-phase tests were made with the system neutral 
grounded through resistance. 

The first series of tests involved 35 short circuit 
interruptions, 12 of which were on a three-phase basis, 
the remainder being single-phase line-to-line and line-to- 
ground. Current values for the three-phase tests ranged 
from 2500 to 5500 amperes, and for the single-phase 
tests from 1000 to 7000 amperes. The average duration 
of arcing for the 35 tests was approximately 1.8 cycles, 
which means that interruption was being obtained in 
less than one-quarter of full contact separation when 
opening at approximately 7.5 feet per second (average 
lift rod speed). No oil was thrown on any of these tests, 
and no other disturbance was noted as an indication of 
heavy duty on the breaker. The average dielectric test 
of the oil for the three poles before the start of the tests 
was 24, 20, and 22 kv. and at the completion of the 
series of 35 tests was 20, 17.7, and 18.3 kv., the same oil 
being used for all tests. This shows an average decrease 
in dielectric test of 3.3 kv. for the complete series. The 
grids showed no indications of depreciation except for a 
trace of carbon between the interstices of the grid 
plates, and no maintenance work whatever was per- 
formed on the breaker before the following series of 
tests, except to renew the oil in order that comparative 
results between the two series of tests might be obtained. 

The second series of tests consisted of 50 short circuit 
interruptions, 10 of which were on a three-phase basis, 
the remainder being single-phase tests line-to-ground. 
Current values for all tests ranged from 1000 to 3900 
amperes. The average duration of arcing for the 50 
tests was approximately 1.9 cycles, the minimum and 
maximum duration being 1.0 cycle and 3.5 cycles, 
respectively. In this series of tests the average lift rod 
opening speed was about 7.7 feet per second, which 
means that interruption was being obtained at one- 
fourth of full contact separation. The dielectric test of 
the oil before the second series of tests was 21.6, 22, and 
21.7 ky. for the three poles, while at the conclusion of 
the tests it was 21.6, 21, and 21.3 kv., the same oil being 
used for the complete series of tests. This shows a 
negligible decrease in dielectric for the three poles, and 
it is quite apparent that the breaker might have been 
subjected to a repetition of the complete series without 
the oil being deteriorated to the point of requiring 
renewal. The grids showed no indications of deprecia- 
tion from the two series of tests beyond a trace of 
carbon lodged in the interstices of the grid plates and 
were in a condition to continue interrupting service 
without maintenance. No repairs or alterations were 
made in the grids at any time during the two series of 
tests. 

In view of the fact that rupturing tests involving 
such numbers of circuit interruptions would have 
resulted in marked oil deterioration as well as deprecia- 
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tion of the contacts with hitherto conventional oil 
circuit breakers, these tests are regarded as demonstrat- 
ing the far superior efficiency of the grids in making 
more effective use of oil in arc rupture. They may also 
be regarded as substantiating the theory previously 
laid down in this paper, that an oil circuit breaker is 
working at maximum efficiency when and only when 
the rate of gas generation is high and when all of the gas 
generated is made to pass into the arc stream before 
being allowed to escape. 


CONCLUSIONS 


The results of over 2000 short circuit tests with 
currents ranging from 20 amperes to 15,000 amperes, 
and at voltages of from 13,000 to 176,000 r. m. s. across 
a single pair of contacts, have demonstrated the effec- 
tiveness of the deion-grids as a means of making more 
efficient use of the oil in are rupture. Consistent 
rupturing performance of from 60,000 to 100,000 
r. m.s. recovery volts across a single pair of contacts has 
been obtained in from five to six inches of contact 
separation on a circuit in which ‘‘overshooting’’ up to 
100 per cent above nominal recovery voltage is a com- 
mon occurrence. A series of 50 interrupting tests has 
been made on a field circuit with current values ranging 
from 1000 to 7000 amperes and with 42,000 r. m. s. 
recovery volts across a single pair of contacts, the oil 
at the end of the series showing only a slight diminution 
in dielectric test and being ready for further interrupt- 
ing duty without any maintenance work being required. 
The are energy dissipated is reduced to a fraction of 
that obtained with the hitherto conventional form of 
circuit breaker, and internal pressures are reduced to 
such an extent that on a majority of the tests made with 
one breaker in the development of this device, only 
half the tank bolts and man-hole coverplate bolts were 
in position and no special attempt was made to pull 
even these bolts up tight. 

With the duration of arcing on a slow speed (8 ft. per 
second) circuit breaker in the transmission class of 
voltages reduced to two or three cycles, the grids appear 
to be particularly applicable where system stability 
problems are present. Dependable relays are in service 
today which will detect a short circuit and energize a 
tripping coil within one-half cycle on a 60-cycle wave. 
With these two elements known, of the total time nec- 
essary to detect and interrupt a short circuit, there 
remains only the design of an adequate mechanical 
linkage with suitable acceleration to obtain consistent 
interruption of short circuits over the range of destruc- 
tive current values within the time found to be neces- 
sary to insure stability of any given system. 

With the use of deion grids, circuit interruption 
within ten to twelve cycles of short circuit should be 
obtained consistently at the higher transmission volt- 
ages with the conventional mechanical design now 
supplied in breakers for this class of service. Interrup- 
tion within seven to eight cycles of short circuit in the 
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same class of voltages seems to be quite feasible at a 
moderate increase in cost of the breaker. Breakers 
designed for speeds of operation higher than this require 
careful attention in design and manufacture, with the 
use of high grade materials and the cost must necessarily 
increase rapidly as the period of short circuit duration 
is decreased. 

The predominating field of usefulness for the grids 
would seem to be in breakers designed for service in the 
transmission class of voltages, say from 50,000 volts 
upward. For the generating class of breakers where the 
applications are largely indoors and the use of oil in 
switching service becomes a potential hazard, the deion 
breaker, operating without oil, and with its short 
duration of arcing, seems best adapted for use where 
questions of stability demand that faults be cleared with 
a minimum duration. For the higher-voltage outdoor 
applications where the potential hazard of oil is much 
lessened, the grids with their greatly improved ruptur- 
ing performance and their vast decrease in maintenance 
requirements, seem particularly well adapted. 


No discussion of this development would be complete 
without a word of appreciation for the assistance and 
cooperation of those associated with the authors in 
carrying out this development work, particularly to 
Messrs. L. W. Dyer, E. G. Kees, and H. L. Rawlins for 
their arduous and exacting labor in conducting short 
circuit tests; to Mr. W. M. Leeds for his careful and 
searching analysis of test results, and to Mr. L. Denault 
for his painstaking study of details. 


Discussion 


EXTINCTION OF A LONG A-C. ARC 
(SLEPIAN) 
USE OF OIL IN ARC RUPTURING 
(BAKER AND WILCOX) 
New York, N. Y., January 27, 1930 

R. D. Evans: The recent developments in high-speed 
breakers as described by Messrs. Slepian, Baker, and Wilcox will 
be of particular importance from the standpoint of limiting the 
effects of disturbances resulting from faults. In this connection, 
results of calculations showing the benefits of high-speed breakers 
and relays may be of interest. 

Fig. 1 herewith indicates the basis of the calculation and some 
of the results. The diagram gives the distribution of reactance 
taking the over-all reactance as unity. 

The system is typical of long-distance transmission. The 
fault is assumed to be on one line near the high-voltage bus at the 
sending end and is cleared by the opening of the two breakers 
simultaneously. The calculations were made for the four 
different types of fault shown. The curves are plotted in terms 
of the time required for the isolation of the fault, and the ratio of 
the power can be transmitted to the power limit corresponding 
to the switching out of one line. The dotted lines show the loads 
which can be carried with sustained short circuits of the various 
types, assuming quick response excitation systems capable of 
preventing demagnetization of machines. 

It may be pointed out that the conventional high-voltage 
breakers and relays are so slow that from the stability point of 
view the limits correspond to sustained faults. Thus the in- 
creases in power limit through the use of high-speed breakers are 
readily shown by comparing the dotted line values for slow-speed 
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breaker, with the solid line values which correspond to various 
operating times of high-speed breakers. It should be understood 
that the calculations are based on the most severe fault location. 
The curves have been based on the isolation of the fault in a 
single step. For sequential operation, the individual breaker 
time will be less than that shown but need not be reduced to half 
value. This, of course, is due to the fact that the stability 
conditions are generally much improved when the first breaker 
operates. 

The curves, although based on long-distance transmission, 
apply rather generally, provided the power limit for the switching 
operation be taken as the basis. The most important connection 
is due to inertia. 'The curves assume hydro type generators and 
receiving end machines of relatively high inertia. If the re- 
ceiver is of low inertia the time scale may be reduced to perhaps 
70 per cent of the values shown. On the other hand for sending 
end machines of the steam turbo generator type the time scale 
should be doubled. . Of course, for short transmission lines, the 
switching limits closely approach the steady state limits. In 
any event for long or short transmission it is necessary to main- 
tain an adequate margin to insure stability under the normal 
steady state conditions. 
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High-speed breaker and relays offer great promise for improv- 
ing stability conditions. They tend to reduce all faults to main 
switching operations. They make it possible for systems to 
withstand very severe faults, such as three-phase short current 
which otherwise would frequently be impossible. One can con- 
fidently predict that high-speed breakers and relays will find 
extensive application. 

R. M. Spurck: The studies described by Dr. Slepian are of 
assistance in explaining many of the results obtained from high- 
voltage circuit interrupting apparatus, particularly oil circuit 
breakers. 

Messrs. Wilcox and Baker are to be congratulated on their 
ability to utilize these theoretical studies of Dr. Slepian in the 
development of the improved oil circuit breaker they have 
described. 

Inasmuch as the breaker described by Messrs. Wilcox and 
Baker was no doubt undertaken primarily to meet high-speed 
operation requirements dictated by the necessity for system 
stability, it is not unusual that other similar independent in- 
vestigations were in progress. These investigations led first to 
the development of the all-insulated moulded explosion chamber 
and also gave data which resulted in improving the operation of 
the explosion chamber on high voltages. 
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In order to determine the effect of the improvements under 
system conditions, interrupting tests at 220,000 volts were made 
during the past summer at the Plymouth Meeting Station of the 
Philadelphia Electric Company. Although both closing-opening 
and opening tests were made, it is particularly interesting to note 
the results obtained during the opening tests. Fourteen such 
tests were made at short-circuit currents ranging from 1200 
amperes to 3100 amperes. The system voltage varied from 222 
kv. to 271 kv. The equivalent short circuit kv-a. varied from 
500,000 kv-a. to 1,300,000 kv-a. In these tests the minimum 
arcing time was 0.5 cycle, the maximum arcing time 4 cycles, and 
the average 2.25 cycles. No pressure was obtained above the 
oil during these tests. Values of volts per inch of contact separa- 
tion were in a number of cases in excess of 15,000 volts. Other 
tests made at other voltages indicate that these favorable results 
will apply to all high-voltage systems. 

Philip Sporn: In connection with the papers of Dr. Slepian 
and Messrs. Baker and Wilcox, I should like to emphasize one 
feature of the construction here utilized for extinction of an arc. 
The deion grid gives, so far as I know, the first structure in which 
the force tending to disrupt the are increases with the are travel. 
In other words, the number of elements that are introduced 
tending to act favorably on the extinction of the are increases as 
the contacts travel away from each other. 


The question of stability discussed by Mr. Evans is important, 
but I should like to point out that this design, as well as any 
other designs that will accomplish the same thing, for the first 
time gives the operator a semblance of a fair break. There is no 
question but that the standard Institute duty cycle is not a 
satisfactory cycle considered from the standpoint of oil circuit 
breaker maintenance. Many of the breakers that are in service 
today, and that have been built to conform to that cycle, actually 
have to be taken out of service after rupturing two or three arcs 
due to heavy carbonization of the oil. The possibility of being 
able to forget the breaker after as many as 50 or 100 interruptions, 
will, Iam sure, be welcomed by every operating engineer. 

H. G. McDonald: You have heard Dr. Slepian explain the 
theories evolved from his study of long a-c. ares. Mr. Baker has 
shown how he has combined these theories with certain principles 
of magnetic field action and has worked out a mechanical struc- 
ture known as the deion grid which under laboratory tests gave 
promise of being the most effective circuit interrupting device 
ever produced. How will this deion grid device perform under 
the crucial test of operation on an actual modern high-power 
system? Mr. Baker in his paper has given the result of a set 
of field tests on 66 kv. which were available at the time his 
paper was prepared. Several of the largest operating companies 
evinced their fine spirit of cooperation by offering facilities for 
further testing the new device against the greatest power concen- 
trations and on the highest voltages ever used in circuit breaker 
tests. 

Two of the largest systems in the world in their respective 
classes and one of the highest voltage systems in the country 
placed large blocks of power at concentration points at the dis- 
posal of the Westinghouse Company. 

The Duquesne Light Company’s 66-ky. system furnished 
240,000 ky-a. of test power. The Alabama Power Company’s 
110-kv. system concentrated 525,000 kv-a. in generator capacity 
and an additional 47,500 kv-a. in synchronous load in their 
Bessemer Station. The Philadelphia Electric Company seg- 
regated from their load 500,000 kw. of combined steam and hydro 
generation and an open end 48-mile transmission line as a test 
set-up. 

Tn all cases tests were arranged to cover a wide range of current 
values up to the limit of the available power. Complete records 
were made of all phenomena connected with tests. Repeated 
tests were made on all set-ups, this being essential to establish 
the sufficiency of a new device. In the 66-kv. and 110-kv. 
tests, old breakers which had been in service for 8 or 9 years were 
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stripped of the old contacts and the new deion grid contacts 
substituted, but no effort was made to make modern structures 
out of them or to obtain high speed of contact travel. In the 
220-kv. tests, a unit duplicate of the breakers in use at Cono- 
wingo was used with the deion grids replacing the old contacts 
and with an increased speed of contact travel. Contaet travel 
on the 66-kv. breaker was at rate of 8 to 9 ft. persee., on the 110- 
kv. breaker 5 ft. per sec., and on 220 kv., 14 ft. per sec., all slow 
or moderate speeds. ‘Tests were made phase to ground—phase to 
phase—and grounded and ungrounded to get all operating 
conditions. 


66-Kv. Tesis. On 66 kv. a total of 85 tests was made at 
currents from 1000 to 6970 in all combinations of CO—OCO— 
single-phase to ground, three-phase, phase to phase across a 
single pole, etc. On the first two days 38 tests were made with- 
out inspection of breaker during tests. Reclaimed WEMCO 
“CO” oil used, testing 24-22-20 from the 3 tanks before. After 
tests, 21-18-18.5 from the same locations. Average arcing time 
1.9 eycles. Average length of are 6 in. (2 ares in series) or at 
rate of 7000 to 10,000 volts per in. Compare this with 1500 to 
2500 volts per in. on conventional breaker on same circuit. On 
third day, 50 tests were made in 2 hr. and 18 min. total elapsed 
time. Current range 1000 amperes to 3700 amperes, without 
inspection. Oil tests after practically same as before. Inspec- 
tion after tests showed no deterioration on deion grids and only 
very slight burning on contacts. To observers accustomed to 
witnessing circuit breaker tests, the absence of any evidence of 
distress, oil throw, or motion of breaker on its foundation was a 
revelation. 

110-Kv. Tests. The 110-kv. series consisted of 14 tests at 
currents from 900 to 3800 amperes CO and OCO—three-phase 
ungrounded, line to ground and line to line across single pole. 
On the three-phase tests the are kv-a. interrupted, 692,000 was 
115 per cent of breaker rating. The line to line across single 
pole tests were at a three-phase equivalent of 1,170,000 kv-a. or 
practically double the rating. Average arcing time 1.5 cycles. 
No distress on breaker; oil test same after tests as before. To 
demonstrate absence of oil expulsion a sheet of white paper was 
placed beneath each of the free vent pipes. At completion of 
series of tests, no trace of oil was found on any of the papers. 
Inspection of the deion grids after tests showed no deterioration; 
small burning on are drawing contacts. ; 

290-Kv. Tests. Three sets of 220-kyv. tests were conducted,— 
56 breaker operations in all. The first set of 16 tests consisted of 
CO and OCO tests, line to ground, currents ranging from 1100 to 
2950, followed by 5 tests with full 202 kv. across the S. P. unit 
for purpose of obtaining data on application of deion grids on 
330 kv. The line to ground tests showed an average arcing 
time of 2.8 cycles, an average short-circuit time of 8.5 cycles 
including one cycle relay time, or 7.5 cycles from energizing 
trip coil to are extinction. The 4 CO tests at full 220 kv. cleared 
without distress and the OCO test cleared but with somewhat 
longer arcing time than desired. The second set included 12 
line to ground tests, 1100 to 3300 amperes and one full 220-kv. 
test. This 220-kv. test was unsatisfactory due to improper 
venting of the grid stack. A third set of tests was arranged to 
clear up this defect. This third set of tests again covered the 
entire range from 1100 to 3300 amperes in 16 tests, CO and OCO, 
phase to ground, and 7 additional satisfactory tests with full 220 
kv. across one pole with 2200 amperes. Note that the set of 23 
tests was made without inspection and that the more severe line 
to line across the single pole tests were made after the 16 line to 
ground tests. Oil samples before the set showed 23 kv. on 2 
samples and after the set 2 samples showed 28.9 kv. It is not 
claimed the oil is improved by circuit interruption but it does 
show negligible oil deterioration. The deion grids were inspected 
after the set of tests and showed practically no deterioration. 
The stacks were subjected after tests to one minute voltage test 
of 300 kv. without failure. ; 
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Analysis of records of the tests on these three systems reveal 
several outstanding features. 

1. Short time of arcing. 

Short time duration of short circuit. 

Very low are energy. 

High interrupted volts per inch of travel. 

Small contact burning. 

Negligible oil deterioration: 

Practical absence of measurable pressure within breaker. 

Heusly as important as the diminished stresses in the breaker 
structure is the assurance that short circuit time is so reduced as 
to provide easy solution to problems of system stability. Fur- 
ther, the hazard which has become associated with oil circuit 
breaker operation has been largely eliminated by the performance 
without oil throw and without flame or violent gas ejection. 

E. C. Stone: It is believed that this is a very important 
development in circuit breaker design. 

Last fall the Duquesne Light Company performed a series of 
system tests on a Westinghouse 115-kv. G-2 circuit breaker 
equipped with deion grids. The original rating of this breaker 
was 7200 amperes at 66 kv. 

A run of standard duty cycle tests (2-000 each test) was made 
on this breaker starting with 1250 amperes and running up to 
7400 amperes. Seventeen tests, 34 shots in all were made, the 
last four shots being above 7300 amperes. No changes were 
made during the entire run either to the contacts or oil. The 
above tests were run with a six-in. mechanism. 

At the end of each run the deion grid was in as good shape as at 
the start, the arcing contacts were not unreasonably burned, 
and the oil dielectric had dropped only from 22 kv. to 16 kv. 

At a late date another test was made with the old four-in. 
mechanisms. This group of tests consisted of twenty-five, 
50 shots, with currents ranging from 1140 amperes to 4300 
amperes. 

It must be concluded that this type of breaker goes a long way 
toward solving the problem of multiple short circuit interruptions 
without inspection and maintenance work after each duty cycle. 

D. C. Prince: From the research standpoint, these two 
papers bring up two aspects of switching of comparable impor- 
tance. In the first place, Dr. Slepian has presented very valu- 
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able studies of what actually goes on in a long are, with his 
interpretation of how these phenomena can be taken advantage 
of ina certain way. 

Messrs. Baker and Wilcox have elaborated on the actual 
method employed by them. It is submitted that there are at 
least three different ways in which a-c. ares may be ruptured by 
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a switch. For instance, the losses in the are may be run up by 
various means such as introducing obstacles, plates, chutes, 
explosion chambers, and the like, as described by the authors 
of these papers and covered by them. Or, without introducing 
unnecessary losses into the are, advantage may be taken of the 
very brief period during which the current is zero, and there is 
no great voltage across the switch terminals to whisk the are 
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products away. Or in the last case, a rectifying device may be 
introduced into the circuit, in which case as soon as the current 
naturally attempts to reverse it will be prevented from so doing. 

In any case, the measure of the switch, the amount of material 
that must be supplied, is going to be determined by the amount 
of energy which this switch and its contents have to absorb. 

Fig. 2 is presented for the purpose of reference and shows the 
operation of a plain break, oil circuit breaker of the usual type. 
The highest trace shows the are voltage; the second shows the 


short circuit current. In this case it will be apparent that the 
are voltage is gradually building up and consequently a con- 
siderable amount of energy is liberated in the switch. The actual 
figure in this case is 9.3 kw. sec. per 1000 kv-a. ruptured. 

The corresponding explosion chamber is covered by Fig. 3. 
The difference between the explosion chamber and the plain 
break is that the explosion chamber introduces very vigorously 
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into the are a considerable quantity of oil and the are energy is 
run up rapidly, but only for a very short time, because the cir- 
cuit is then interrupted. The arc energy in this case is 1.52 kw. 
sec. per 1000 kv-a. interrupted, as compared with 1.23, the figure 
which I have calculated from Fig. 10 of Messrs. Baker and 
Wilcox’s paper. 


As an example of the third class, Fig. 6 shows an oscillogram 
taken from the ‘vacuum switch. The vacuum switch operates 
as a rectifier so that at the first reversal of current there is no 
possibility for the current to be reestablished in the other direc- 
tion and the circuit is clear, the conditions for the conduction in 
the first place having passed by then. 

The conditions under which these two sets of tests were made 
are of course very decidedly different; although it is not pos- 
sible to reconcile them absolutely, at least it is apparent that the 
effectiveness of the two switches is of the same order. 


Fie. 6 


Fig. 4 shows for comparison an air break switch of the are 
chute type. In this case the are energy is somewhat larger, 
being 2.48 kw. sec. per 1000 kv-a., interrupted. It is apparent 
that the are drop is rising progressively as the are is drawn out 
into the chute. 

Fig. 5 shows a special explosion chamber which is now being 
tested, and attempts to operate on the second one of the principles 
described, namely, that the are products are whisked away in the 
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interval that the current is substantially zero. It will be ap- 
parent that there is practically no are drop on the film and the 
are energy corresponds to only 0.48 kw. sec. per 1000 kv-a. 
interrupted. 

It is possible to make independent tests on the losses in the 
vacuum switch, but taken on the scale at which these other tests 
have been made you can’t see it. 

We hope we shall have more information to present on these 
two types of switches as they approach a readiness for com- 
mercial application. 

J. B. MacNeill: <A year ago at the Winter Convention we 
placed before you an outstanding development in circuit inter- 
ruption involving radically new and fundamental ideas of are 
control in the deion air circuit breaker. Those papers covered 
laboratory investigations, high-power tests at the factory, and 
field tests on a large operating system. 

Again it is our privilege to bring before you an outstanding 
development in circuit rupture, even more important, in a way, 
than the deion development because of the large commercial 
field it has been practicable to cover in a brief period of time. 
Here too you are given results of laboratory investigations, 
high-power tests at the factory, and field tests on some of the 
larger operating systems of the country for several of the more 
important transmission voltages, 66 kv., 110 kv., and 220 kv. 

In the last year or two the most difficult problem that has 
faced the designers of switching equipment, has been that of 
securing high-speed circuit breaker operation at high voltages, 
where the moving parts of the device are relatively heavy and 
require time as well as great accelerating force to secure neces- 
sary separation of contacts for proper circuit interruption. 

What could be more desirable at this time, therefore, than 
the invention of a method of circuit interruption which provides 
are opening with a minimum are length so that high-speed 
physical operation is not essential, and at the same time reduces 
are energy to a small fraction of previous values, thus greatly 
reducing oil and contact deterioration, increases rupturing 
capacity, and reduces circuit breaker maintenance. 

Dr. Slepian has told you of his investigations on the nature of 
long a-c. arcs. “This investigation was necessary to a proper 
understanding of are action, so that means for controlling the 
same could be evolved. Mr. Baker has told you of the manner 
in which he came to associate magnetic field principles with the 
ideas of are handling in restricted slots and holes that Dr. Slepian 
has dealt with. It has been known for years that powerful 
magnetic action on an are produced speedy and satisfactory are 
interruption. The exact means by which this was accomplished 
has not been well understood previously. As far back as 1921 
in a paper covering Baltimore tests, this magnetic blowout 
effect on are action was discussed. Again in June of 1928 an 
outstanding application of this principle to secure high-speed 
circuit interruption was presented at the Denver Convention. 

By a program of exceedingly ingenious experiments, Mr. Baker 
was led to associate the possibilities of such magnetic action with 
the handling of ares in confined spaces, referred to by Dr. Slepian, 
and thus produce an oil circuit breaker which is a radical im- 
provement over anything previously known. 

Some months ago these ideas had been demonstrated to the 
extent of our high-power facilities at East Pittsburgh, and gave 
such promise that an elaborate set of field demonstrations was 
decided upon. It is unfortunate that the Baker-Wilcox paper 
had to be prepared before all of these field tests were completed. 
These tests, however, have been covered briefly by Mr. MacDon- 
ald. The outstanding conclusion to be drawn from them is, that 
here we handle are voltage at the rate of 10,000 volts per inch of 
single are length, and the are energy is a small fraction of that 
obtained with previous circuit breaker constructions. 

Let us see for a moment what we have here. First, a device 
built up of units in series, each unit being capable of handling 
approximately 10,000 volts, which gives us the ability to vary 
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the interrupting device at will, according to the voltage to be 
handled. Second, the length of the slot in the plate and the 
number of oil pools can be varied with the current to be handled, 
and also the design of the magnetic plate can be varied to secure 
the best results over the current range desired. Third, the 
range of physical speed of contact separation for which the 
device is good is very large, and there exists for each voltage the 
best physical speed readily obtainable without excessive inputs 
to the operating mechanism or excessive shocks to the breaker 
structure due to the closing and opening operations. 

To summarize, therefore, we have individual factors of stack 
length, stack area, and physical speed to work with in combina- 
tion, which is a condition that has never before been obtained 
on switching equipment, and which offers for the future a good 
hope for radical improvements in circuit interruption involving 
any speed yet found necessary for system stability, which reduces 
duration of arcing and of are energy, and a minimizing of breaker 
maintenance due to reduced oil and contact depreciation. 

J. W. Bennett: (communicated after adjournment) The 
paper presented by Messrs. Baker and Wilcox is very interesting 
in its description of the use of deion grids in the conventional 
type of oil circuit breaker. The results of their tests would seem 
to indicate that considerable progress is being made in the 
improvement of that hitherto weak link in the transmission 
system, the high-voltage oil circuit breaker. While the tests 
described in this paper indicate that the addition of the deion 
grids greatly improves circuit breaker operation, they should not 
be considered a remedy for all of the ills that have beset circuit 
breakers in the past. Additional tests of breakers, equipped 
with this device, on various operating systems, should be of 
interest. 

Joseph Slepian: Mr. Prince’s analysis of the ways in which 
an are may be extinguished, recalls to my mind a sentence that I 
wrote in one of my previous papers and which I should now like 
to enlarge upon. I said that the are in the circuit breaker, in 
general, is not merely a nuisance but that it plays a very neces- 
sary and useful role in the circuit interruption. The general 
tendency has been to regard the are as entirely undesirable, to be 
eliminated if possible. But in that paper I said that if the are 
had not appeared spontaneously we should have had to invent it, 
or a substitute for it which would take over the necessary 
functions of the are. 

There are two ways in which the are may exercise its function: 
the one can be best illustrated by referring to a d-c. circuit. 
Suppose it were possible to open the contacts of a switch in a d-c. 
circuit without an are, would that give us something satisfactory? 
As electrical engineers we know Faraday’s Law of Electromagnetic 
Induction and use it for generating the voltage and current in our 
circuits. Although, during a short circuit, we change our minds 
about the desirability of generating electrical power at that 
particular moment, we do not expect Faraday’s Law of Electro- 
magnetic Induction to abrogate itself for our convenience, and 
then resume its sway after the short circuit, but expect it to 
operate right through the short circuit. Therefore we know 
that if it were possible to open the d-c. circuit instantly, without 
any are, the instantaneous collapse of the magnetic field 
associated with the short circuit current would induce high 
voltages which would surely destroy our machines. Bearing 
Faraday’s law in mind, we wish to interrupt the short circuit 
rapidly, but not so rapidly as to induce dangerous voltages. 

Here then is the function of the are in the d-c. circuit. Ina 
well designed switch it opens the circuit not too rapidly, but just 
‘rapidly enough to be safe. The function of the are in the d-c. 
circuit interrupter is to dissipate safely and harmlessly the 
magnetic energy stored in the current carrying circuit. 

In the a-c. circuit, it would appear possible to avoid this 
embarrassment arising from Faraday’s law because twice per 
cycle, there are moments of zero current, and at those moments 
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of zero current there is no magnetic energy stored in the circuit. 
Therefore if it were possible to open the circuit at such a moment, 
Faraday’s law would not be involved because there would be no 
magnetic field at that moment to induce voltage. If a switch is 
made in which the separating of the contacts is accurately 
timed to coincide or synchronize with a zero of current, then no 
are would occur, and no are would be necessary. 

But consider how difficult it would be to construct a switch 
with this remarkable synchronized opening of the contacts. 
Consider all the variations in the relation between current 
and voltage phase which may occur in practise. Consider how 
difficult it would be to give the contacts, which necessarily have 
mass, an instantaneous velocity which would get them apart 
while the current is still zero. Now the are relieves us of these 
exceedingly difficult electromechanical problems. With the are 
in the switch it is not necessary to synchronize the opening of the 
contacts. The contacts may separate when they will, as the are 
will permit the current to continue to flow. Then, if the switch 
is well designed, at a moment of current zero, the are itself 
changes over from being a good conductor to being a good in- 
sulator, and the circuit is interrupted. Thus the are, which 
occurs spontaneously, takes over this synchronizing function 
which it would be almost impossible to accomplish mechanically. 
In a-c. switches, we may choose to accentuate the one useful 
function of the are or the other. Obviously, it is better to make 
use of the synchronizing function of the are rather than the 
energy dissipating function, since the less energy dissipated in the 
switch, the better. 

There are many ways of improving the synchronizing function 
of the are, or increasing the tendency of the are to change over 
to an insulator at current zero. Some ways are naturally better 
than others. All the practical ways so far developed also increase 
the energy dissipated in the period of arcing. This is unfortunate, 
but appears to be a necessary price we must pay. To have the 
deionizing means in the are space when the current is zero, 
it is necessary, with such means as we now know, to put it there 
some time in advance. Because it is there some time in advance, 
the rate of dissipation of energy in the arc is increased. 

There is one means, the vacuum switch, which does introduce a 
strong deionizing action at current zero without greatly increas- 
ing the deionizing action during the period of arcing. When 
such a switch is developed, it will be a question as to whether it 
pays to deal with vacuum apparatus, pumps, possibility of leaks, 
and so forth, for the sake of getting the ideal (from this stand- 
point) performance that the vacuum switch will offer. 

At the present state of development of vacuum apparatus, I 
am inclined to think that it would not pay, that the reliability of 
the oil circuit breaker with improvements that we give it, is far 
greater than we can expect of any vacuum apparatus at the 
present time. The oil breaker depends for its functioning, 
upon the decomposition, at a rapid rate, of the oil by the are. 
Nothing, I think, can be more certain than that the are will 
always be hot enough to decompose oil rapidly. The vacuum 
switch, however, depends upon the maintenance of a high 
vacuum, and the maintenance of such a vacuum has a certainty 
of an altogether different order of magnitude than the certainty 
that the are in the oil breaker will be hot. Therefore I am in- 
clined to think that in spite of the more ideal performance of the 
vacuum circuit breaker, from the standpoint of energy dissipated, 
for a long time in the future we shall depend upon more funda- 
mentally reliable, although less ideal, methods for deionizing the 
are. 

H. M. Wilcox: It is indeed gratifying to hear that others 
have also been engaged in a study of switchgear to meet the 
requirements of system stability. Mr. Spurck, unfortunately, 
is not able to give us any very extensive details of the switchgear 
he referred to, but mentions a result of 15,000 volts per inch, 
which is indeed a very good performance. 
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Mr. Baker pointed out, I believe, in presenting this paper, 
that the point that originally led to this investigation was the 
fact that it had been discovered that the then conventional oil 
circuit breaker was giving an interrupting performance of 10,000 
volts per inch, or better, on certain types of circuit. The same 
breaker tested at the same voltage on other circuits was falling 
off very considerably. In the material that has been given you 
in the paper, care has been taken to give results, comparative 
results so far as possible, on the same type of circuit, which so far 
as laboratory results are concerned was a rather difficult circuit 
to interrupt. 

While we may congratulate Mr. Spurek on the performance 
of 15,000 volts per inch, we may perhaps reserve decision until 
some further basis of comparison can be given as to the type of 
circuit. 

Mr. Prince has given us some very interesting figures on kilo- 
watt seconds of energy obtained with certain types of breakers. 
Once more, the type of circuit on which these tests were made is 
not quite clear. As I recall, going over the slides hurriedly, he 
showed results of from 1.5 to 2.5 kw-sec. per 1000 kv-a., or a 
ratio between are energy and are kv-a., that is, are energy in 
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kw-sec. divided by are kv-a. interrupted, of from 0.0015 to 
0.0025 if I have taken his figures correctly. 

I should like to cite one or two figures from the material which 
Mr. MacDonald gave so far as are energy is concerned, although 
that material was not included in the original paper. Making a 
comparison between the performance of the convention breaker 
hitherto used and a breaker equipped with this new device, the 
only real opportunity so far obtained is in the case of a 110-kv. 
circuit, in which a hitherto conventional breaker interrupted a 
three-phase short circuit of 8480 amperes, or about 221,000 kv-a. 
per pole. The are energy resulting from that test was 2740 kw- 
sec., and the ratio, that is, are energy in kw-sec. divided by are 
kv-a. interrupted, is 0.0124, which compares favorably with the 
ratio of a similar breaker given by Mr. Prince. 

On the same breaker tested on the same circuit, again a three- 
phase test, at 110,000 volts, with approximately the same current, 
there was 218,000 are kv-a. interrupted, and the are energy was 
136 kw-sec. That is less than 5 per cent of the original are 
energy, and the ratio of the are energy in kw-sec. divided by the 
are ky-a. interrupted, is 0.00062. These results were obtained in 
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Synopsis:—A review is given of the rules and procedure used in 
electrical engineering for the calculation of induced voltages in 
metallic conductors, not including radiation effects. For the e. m. f. 
in a closed circuit e = —d Q/dt, the restriction is stated that the 
circuit is a closed loop of infinitesimal cross section and without 
parallel branches. More complicated circuits are to be calculated 
by replacing them by a number of elementary circuits. Where there 


recapitulation of rules and methods for calculating 

induced voltages in metallic conductors, not in- 

cluding radiation effects, is desirable for use with 
the variety of problems encountered in electrical en- 
gineering. A careful wording of these rules, made as 
complete as possible, is needed in order to make them 
consistent. 


It is believed that this paper does not present any 
general methods or rules for calculating induced volt- 
ages in conductors not already used by authoritative 
writers on electrical calculations. There are presented 
in this paper, however, certain restrictions which it is 
believed should be given along with the different rules 
for calculating induced voltages. These restrictions are 
moderate. The standard according to which they have 
been drawn up is that when a rule is found given in a 
textbook with certain wording, and when the plain, 
every-day meaning of the English wording can be ap- 
plied to a definite problem so as to obtain an incorrect 
result, then a restriction is needed on the application of 
the rule or in the definition of its terms. 


In order not to try to take away unnecessarily, from 
electrical engineers, useful and safe working tools, the 
writer has in no case stated that a rule must be dis- 
carded. It is believed that moderate restrictions are 
all that is required. 

If it is believed by others that the restrictions pre- 
sented herewith are not severe enough and should be 
made more sweeping, all that is required is for them to 
describe a practical and definite problem and show that 
the plain meaning of the rule with its moderate restric- 
tion gives a wrong result. This would probably still 
not be evidence that the rule should be discarded, but 
merely that the restriction should be re-worded. 

It is not right for any one to say that a certain rule 
used by authoritative writers should be completely 
given up, merely because he has a more complicated 
alternative method of making the same calculation and 
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are moving contacts and conductors of finite cross section, the rule 
e = Blu should be used. <A discussion is given of calculations by 
considering magnetic fields to have velocities and the restriction is 
stated that, in general, the resultant magnetic field should noi be used 
with the Blv rule, when it is made wp of component fields having 


velocities which differ in magnitude or direction. 
* * * * * 


so never needs to use the rule. It should be shown in 
addition that the rule is unreliable in definite cases, and 
that it is apparently impossible to make it reliable by 
re-wording it or restricting it. 

For example, many books on elementary physics and 
electrical engineering give no hint as to how to calculate 
the e. m. f. induced in a short length of straight con- 
ductor by neighboring a-c. circuits, and yet such a cal- 
culation is described in other elementary books and the 
result is obtainable according to modern electromag- 
netic theory. As another example, many books do not 
mention moving magnetic fields, and yet many others 
describe the induced e. m. f. of an a-c. generator as 
caused by the magnetic lines of force of the poles moving 
along with the poles as they revolve. 

The writer who would state that either of the above 
well-known rules should never be used by electrical 
engineers is attempting something much more radical 
than the mere statement of a moderate restriction. The 
rules are in sufficiently common use that a book which 
purports to give a complete statement of the calculation 
of induced e. m. fs. for electrical engineers should give a 
recommendation for or against their use. When such a 
book does not mention a certain rule used by engineers, 
one does not know whether to interpret it as a recom- 
mendation not to use the rule, or otherwise. The ques- 
tion of where the rules are reliable should be faced and 
not dodged. 

There are many problems handled by the engineers 
by their working rules, which the physicists would find 
inconvenient to solve by Maxwell’s equations unless 
they first proved some working rules, the same as or 
similar to the ones now in use. The physicists would do 
a real service to the engineers if they would prove some 
working rules and advocate them. This would auto- 
matically bring out the necessary restrictions. 

According to Faraday’s law, if there is any closed 
linear path in space and if the amount of magnetic flux 
surrounded by the path varies with time, then an elec- 
tromotive force is induced around the path, which is 
equal in amount to the negative rate of change of the 
flux ¢ in lines or maxwells per second. Thus, 
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(1) 


dy 
di abvolts 


e=— 


where t is time measured in seconds. 

The closed linear path or circuit is the boundary of a 
surface through which the magnetic flux passes. It isa 
geometrical line and has length, but no finite thickness. 
Since it is the boundary of a single area, it cannot have 
branches in parallel. At the time considered, it can be 
changing in shape or position. However, if it changes 
its position, this is done by moving from one position to 
the other and traversing the intermediate space. 

If a loop of wire of negligible cross section occupies 
the same place, and has the same motion, as the path in 


space just considered, the electromotive force — a 


tends to drive a current of electricity around the wire. 
This electromotive force can be measured by a volt- 
meter or galvanometer connected in the loop of wire. 
As with the path in space, the loop of wire is not to have 
branches in parallel if the e. m. f. is to be given by Equa- 
tion (1). In general, if the wire loop is not a closed 
linear circuit, of infinitesimal cross-section and without 
branches in parallel, it is not to be assumed that the 
e. m. f. in it will be given directly by Equation (1). The 
problem must be solved by starting with elementary 


parts to which the fundamental equations apply, and: 


putting the results together as the conditions of the 
problem demand. 

If a closed wire loop has branches in parallel, the 
problem of calculating the electromotive force indicated 
by an instrument is more complicated than the calcula- 
tion of an e. m. f. only, and involves the resistance of the 
branches and the determination of circulating currents 
which in general will flow in them. 

A metallic circuit having finite cross-section is equiva- 
lent to a number of filamentary circuits in parallel and 
for accurate results, the simple Equation (1) cannot be 
used directly. In some cases, a finite conductor can be 


divided into filaments, the induced e. m. f. and resis- 


tance of each of which can be computed. From these 
the average induced e. m. f. along the finite conductor 
can be determined. Such a calculation usually includes 
finding the current in each infinitesimal filament, and 
the total resistance loss. The problem will be recog- 
nized as being a skin effect or proximity effect problem. 
To assume that the current is uniformly distributed 
over the finite cross-section, and then to compute the 
average induced e. m. f., is only a partial solution, and 
one which is applicable only at practically zero fre- 
quency. Calculations of inductance using geometrical 
mean distances are of this zero-frequency type. 

If a coil has N turns of wire in series closely wound 
together so that the cross-section of the coil is negligible 
compared with the area enclosed by the coil, or if the 
flux is practically all confined within an iron core and so 
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is enclosed by all N turns alike, the e. m. f. induced in 
the coil is 


d 
e=-—N eis abvolts (2) 


In such a case, N ¢ is called the number of interlinkages 
of lines of magnetic flux with the circuit. 

The effect of the cross-section of a coil of fine wire is 
taken into account if ¢ is taken equal to the average 
amount of flux surrounded by the various turns. It is 
to be noted that the average e. m. f. per turn in a coil 
made up of fine wires or filaments is the same whether 
the filaments are in series or parallel only if the filaments 
all carry equal currents. This provision is not true 
except at zero frequency for the case of filaments in 
parallel, that is, the case of conductors of large cross- 
section. 

The minus sign in Equation (1) denotes that the 
direction of the induced e. m. f. is such as to produce a 
current opposing the change of flux. If the flux is 
changing at a constant rate, the e. m. f. in abvolts is 
numerically equal to the increase or decrease in lines 
in one second. 

The change in magnetic flux referred to in Equation 
(1) may be due to a variety of causes: it may be due to 
relative motion between the coil and the portion of 
apparatus which causes the magnetic flux, as in a ro- 
tating field generator; it may be due to a change in the 
reluctance of the magnetic circuit, as in an inductor 
type alternator; it may be due to changes in the primary 
current producing the flux, as in a transformer; it may 
be due to variations in the current in the same coil in 
which the voltage is being induced, as in the case of 
self-inductance; or it may be due to change in shape 
occurring in a flexible secondary coil. 

The restrictions given in this paper as to what is 
meant by a linear path or circuit for use with Equation 
(1) preclude the possibility of changing the amount of 
flux through the circuit by connecting on some parallel 
branches and disconnecting others. This, of course, 
does not induce an e. m. f. 

When the flux ¢ surrounded by a loop of fine wire 
varies with the time according to the sine law, we have 


(3) 
where ¢,, is the maximum value of the flux and f is the 


frequency in cycles per second. From this we obtain by 
Equation (1), 


O.=\ Om SID 2 Tel 6 


d 
@e=— ies — 27f Om cos 2 7 f t abvolts 


In problems involving sinusoidal alternating currents, 
it is thus not necessary to calculate the rate of change of 
flux in a loop, but merely the maximum value of flux 
surrounded by the loop. ‘This simplifies the calcula- 
tions to some extent. 

In making calculations of flux, use is often made of 


April 1930 


Ampére’s law that a magnetomotive force is produced 
around any closed linear path, equal to 4 7 times the 
current surrounded by the path, absolute units being 
used. Here, the linear path is a geometrical line and the 
current may have a finite cross-section. If a condenser 
is included in the electric circuit, as in Fig. 1, the current 
i supplies charges gand —qto the plates of the con- 


denser. Then, if the conductivity of the dielectric is 
negligible, and if appropriate units are used, 
dq 1 dy 
oie Arad t (9) 


where y is the dielectric flux passing from one plate to 
the other. A magnetomotive force is produced around 


d 
a closed linear path, proportional to ~ where y is 
in this case the dielectric flux surrounded by the linear 
aed: 
path. The quantity =— eee is called the displace- 
Ao eat 
‘ment current. If a surface is taken of which the linear 


path is the boundary, the total m. m. f. around the 
linear path is the sum of the m. m. fs. produced by the 
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rate of change of dielectric flux y crossing the surface 
and by the current 7 crossing the surface. 


dey. 
a, m Equation 
(1), the two phenomena do not occur at exactly the 
same time. The e. m. f. at a distant place occurs 
after a lapse of time sufficient to allow the effect to 
travel from the first place to the second at a finite high 
velocity. There is a similar velocity in the case of 
m. m. f. produced by current. Such a velocity is 
involved in the calculation of radiation effects. 

It is frequently convenient in electrical engineering 
to calculate the e. m. f. induced in a short length of 
conductor. It may be mentioned that such a result is 
obtainable according to modern electromagnetic theory, 
including cases of short conductors in the neighborhood 
of a-c. circuits. Ifa closed loop of very fine wire having 
no parallel branches, as described for Equation (1), is 

_moved through a non-uniform magnetic field, which is 
not changing with time, the only way in which the loop 
of wire can surround additional magnetic flux is by 
cutting across magnetic lines of force. The induced 
e. m. f. around the loop of wire is equal to the net num- 


While the e. m. f. e is equated to — 
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ber of lines of force which have been cut across in such 
a way as to bring them inside the loop of wire. If there 
is assigned to each part of the wire an e. m. f. equal to 
the number of lines per second which have been cut 
across by that part of the wire, the familiar rule is 
obtained: 

e = Blvabvolts (6) 
where B is the magnetic flux density in lines per sq. cm. 
at the location of the part of wire considered, / is the 
length of the part of wire in centimeters, » is the relative 
velocity between the portion of wire and the mag- 
netic flux and where the directions of B, 1, and v are 
perpendicular to one another. If B, 1, and v are not 
mutually perpendicular to one another, their projec- 
tions at right angles to each other are to be multi- 
plied together so that e is equal to the number of 
magnetic lines of force which cut the portion of wire 
per second. The wire is considered to be of infinite- 
simal cross-section, and the portion is sufficiently 
short that it can be considered straight and the mag- 
netic field adjacent to it, uniform. 


The following discussion gives a justification for the 
assigning of e. m. fs. to the parts of a loop of metallic 
wire which are cutting corresponding amounts of mag- 
netic flux. It may not necessarily apply to cases where 
components of magnetic fields are considered to have 
different velocities. 

Let a straight portion of wire of length J lie in a uni- 
form magnetic field B, considered stationary, whose 
direction is perpendicular to the wire. Let the wire 
carry equal positive and negative charges, + e and — e 
abcoulombs per cm. If the wire is given a motion 
sidewise at a velocity » cm. per sec. in a direction per- 
pendicular to the wire and to the field, the moving 
charges are the same as electric currents. Considering 
the positive charges first, the total positive charge is 
el, the corresponding current is elv, and the force 
exerted by the magnetic field is B e 1 v dynes along the 
wire. The force acting on each unit positive charge is 
Bvdynes. Similarly, there is a force acting on each 
unit negative charge, of B » dynes in the opposite 
direction. 

Where there is a force of B v dynes in one direction 
on each unit positive charge and an equal force in the 
opposite direction on each unit negative charge, abso- 
lute electromagnetic units being used, there is by defini- 
tion an electric field of B v abvolts percm. Theinduced 
voltage between the ends of the portion of wire of 
length J is Bl v abvolts. 

Observations on flexible conductors and on streams 
of electrons show that the force exerted on a current or 
current-carrying conductor by a magnetic field, acts on 
the part which lies in the magnetic field. When this 
force appears in the form of an e. m. f. induced in a 
conductor, as described in the preceding paragraph, the 
e. m. f. is induced in the part of the conductor which 
lies in the magnetic field, and which moves with respect 
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to the field. See “The Theory of Electrons,” by H. A. 
Lorentz, 1923 Ed., p. 15, par. 8. 

The application of Equation (6) can be extended to 
other cases than, that described by considering that 
magnetic flux can have a velocity. In electrical en- 
gineering, it is customary to consider the magnetic 
lines of force produced by an electromagnet or other 
magnet as moving along with the magnet when it is 
moved to new locations. For example, the magnetic 
flux associated with the poles of the rotating field of an 
a-c. generator is usually spoken of as cutting the sta- 
tionary armature conductors and inducing voltage in 
them. It may be mentioned that it is frequently a help 
to deal with a complete magnetic circuit instead of only 
a portion of it. 

A further extension of this general method can be 
made by using Equation (6) to compute the voltage 
induced in a short length of conductor by a short ele- 
ment of alternating current,! both the conductor and 
the element of current being of infinitesimal cross- 
section. According to the Ampére rule the mag- 
netic field in air due to a short element of current lies 
in circles around the straight line in which the short 
element lies, radiation effects not being included. The 
strength of the field? at a point P is 

idlsin 0 
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(7) 


where d 1 is the length of the element of the conductor 
which carries the current of 7 abamperes, r is the dis- 
tance from the point P to the element of current, and @ 
is the angle between the lines d/ andr. A rule can be 
used that when the current dies to zero, the circular 
lines of force collapse, each in its own plane, and in 
doing so each line cuts any conductors extending 
through that plane and induces voltage in them. For 
example, in connection with Equation (98), in Scientific 
Paper No. 169 of the Bureau of Standards, Washington, 
D. C., by E. B. Rosa and F.: W. Grover, there is the 
following sentence: ‘“The mutual inductance of two 
parallel wires of length J . . is the number of 
lines of force, due to unit current in one, which cut the 
other when the current disappears.” (See also p. 77 of 
“Theory of Alternating Currents” by Alexander Rus- 
sell, Vol. 1, 2nd Ed.) 

If the current varies as a sine wave, the total number 
of lines ¢, which cut a conductor in a quarter cycle 
should be computed by integrating maximum flux 
densities from the conductor outward. The maximum 
voltage will be given by Equation (4). If effective flux 
is calculated from effective current, effective volts will 
be obtained. 

A restriction is to be applied in dealing with moving 
magnetic lines of force when using Equation (6). The 


1. ‘Elements of Electromagnetic Theory,” by S. J. Barnett, 
p. 337. 

2. ‘Elements of the Mathematical Theory of Electricity and 
Magnetism,” by J. J. Thomson, 4th Ed., Art. 211. 
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magnetic field is not to be the resultant of component 
magnetic fields having velocities in different directions 
or of different magnitudes, if the use of the resultant 
field does not give the same result as is given by the use 
of the component fields in the calculations. When the 
component fields are used, the e. m. fs. from them are 
determined separately and then combined.’ 

A simple example showing the need for this restric- 
tion when magnetic fields are considered to be in mo- 
tion, is depicted in Fig. 2. A wire A lies between two 
north poles of equal strength. The poles are moving in 
opposite directions, as indicated by the arrows, and each 
pole is considered to carry its own magnetic lines of 
force with it. The poles will induce e. m. fs. in wire A 
in the same direction, and the total e. m. f. will be twice 
as great as that due to either pole alone. The resultant 
magnetic field at the location of A is practically zero, 
and the correct e. m. f. induced in a short portion of A 


Fig. 2—WrreE IN ZeRo Resuttant Maenetic FIELD 


cannot be calculated by using the value of the resultant 
field. This is evidently a case where the e. m. fs. due to 
the component fields must be computed separately and 
then combined. 

It may be mentioned that a small block of iron placed 
in the air-gap close to A will not change the voltage 
which is being induced in A, if the block of iron is in a 
location where the resultant magnetic field is zero. The 
permeability of the iron depends on the resultant mag-. 
netic field. 

Another example is the case illustrated in Fig. 3, 
where alternating currents J and —I are carried by two 
thin tubular conductors centered on the same axis. A 
wire A is placed at the axis of tubes and is insulated 
from them. 

Dividing the current J into small elements of current 
each equal to 7, the e. m. f. induced in A by each ele- 
mentary current is the same and is 

j w 272 logn (w/a) 
counting flux up to a certain large distance u, and writ- 
ing logn to denote the natural logarithm. The quantity 
a = 27f, where f is the frequency. All such e. m. fs. 
are to be added together, giving a total 

j w2TI logn (u/a) 
Similarly, the e. m. f. induced in A by —I in the larger 
tube is 

—j w2Ilogn (w/b) 
Adding the two e. m. fs. together, gives 

j w 2 logn (b/a) abvolts per cm. of A (8) 


3. ‘Induced Voltages in Conductors,” by H. B. Dwight, 
Electric Jl., April 1928, p. 174. 
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No matter how large a value of w might be taken, the 
result would be thesame. 

The same result would be given by Equation (1) if 
wire A as well as the two tubes, which are shown in 
cross-section in Fig. 3, were extended around so as to 
make closed circuits. ; 

It is to be noted that wire A lies in a region of zero 
resultant magnetic field and therefore the value of the 
voltage per cm. in A given by (8) cannot be calculated 
from the value of the resultant magnetic field in which 
wire A lies.® 

Since an e. m. f. is induced in each centimeter of wire 
A, as shown by (8), the region inside the tube, although 
it has zero resultant magnetic field, is not in as quies- 
cent a state as a region remote from all currents, where 
no voltage would be induced in a wire. 


= 


Fig. 3—WrreE IN CURRENT-CARRYING TUBES 
If a parallel wire is outside the smaller tube as in the 
position B, Fig. 3, the drop per cm. due to J is 


f u 
aw 2 I logn ~ 
and the drop due to —J is 
; u 
—j w2Ilogn a 


using the expressions for geometrical mean distance 
from a point to a circle excluding and including the 
point. The total drop is 


b 
j w2Tlogn = 


This value is also obtained by integrating the total lines 
of the resultant field from B to the outer circle. The 
component fields due to the filamentary currents mak- 
ing up I in the inner tube are not all in the same direc- 
tion, as is indicated by the three arrows pointing upward 
from B. The component fields due to the elements of 
current making up —J in the outer tube point in every 
direction from B. If the wire is outside of both tubes, 
the e. m. f. is zero and the resultant field is zero. Evi- 
dently, when a wire is outside the inner tube, the e. m. f. 
is correctly calculated from the resultant magnetic field, 
but when the wire is inside the inner tube, the resultant 
field at the location of the wire cannot be used in cal- 


OF INDUCED VOLTAGES 451 
culating the e. m. f. in a short portion of the wire. The 
criterion is the calculation based on the fundamental 
expression for filamentary currents. 

In the class of cases where there are sliding and 
moving contacts between conductors of finite cross- 
section, as in d-c. generators and motors, and in homo- 
polar generators, of which the well-known Faraday disk 
is an example, Equation (6) should be used to compute 
the induced e. m. f. per cm. for the various parts of the 
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conductors. These e. m. fs. can then be summed up or 
integrated. In cases such as a d-c. machine or a homo- 
polar generator, there is usually at all times a conducting 
path for current to flow, and this may quite properly be 
called a circuit, but it is not a closed linear circuit 
without parallel branches and of infinitesimal cross- 
section, and therefore it is not strictly allowable to apply 
Equation (1) directly to such a circuit. If such a prac- 
tical circuit or current path be made to enclose more 
magnetic flux by a process of connecting in one parallel 
branch conductor in place of another, then such a 
change in enclosed flux does not correspond to an e. m. f. 
according to Equation (1), because the circuit is not 
the kind to which Equation (1) applies. Equations 
involving d g/d t are not to be used directly on circuits 
where there are sliding or moving contacts between 
conductors of finite cross-section or between conductors 
connected in parallel. Since practical conductors have 
a finite cross-section, and since sliding contacts in ro- 
tating machines, especially commutator machines, 
involve conductors connected at least temporarily in 
parallel, it seems advisable to adopt a practical rule not 


pa Sliding 
Bar 


Voltmeter 


(a) (b) 


5—Suipinc Contracts with Finirs CONDUCTORS AND 
PARALLEL BRANCHES 


Fra. 


to use equations involving d ¢g/dtwhere there are 
sliding or moving contacts. 

A circuit containing sliding contacts which is fre- 
quently described, is shown in Fig. 4. The conductors 
have infinitesimal cross-section, and the e. m. f. in- 
dicated by the voltmeter can be calculated by both (1) 
and (6), the same result being obtained. 

The case shown in Fig. 4 is often shown as a general 
case. In reality, it is a special case, and only such 
special cases involving sliding contacts can be solved 
by a single equation in d g/d t. More general and 
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practical cases are illustrated in Fig. 5, (a) and (b), where 
conductors of finite section and parallel branches are 
involved. In Fig. 5 (b) all the conductors may be con- 
sidered to have infinitesimal section, but because of the 
parallel branches and the sliding contacts it is not 
possible to equate the e. m. f. to the rate of change of the 
flux enclosed by the path for the current. Thee. m. f. 
is proportional to the flux swept across by the moving 
bar; to calculate this e. m. f. an equation such as Equa- 
tion (6), which distinguishes between the moving and 
stationary parts, should be used. 

The statements of the rules for calculating induced 
voltages in metallic conductors and the restrictions to 
be applied to them, are subject to modification as new 
and unusual problems are investigated; in the form 
given in this paper they are not arranged to include 
voltages produced by radiated fields. Where the word 
“rule” is used, a practical method of calculation is 
signified. This is to be distinguished from a “law.” 
The criterion to be used regarding induced voltages is a 
calculation by Maxwell’s equations and the extensions 
of them given by modern electromagnetic theory. 


Discussion © 


Joseph Slepian: Professor Dwight is very successful in 
pointing out the unsatisfactory state of the theory of the induc- 
tion of e. m. fs. by varying magnetic fluxes as taught to electrical 
engineers, but in my opinion he has been less successful in his 
attempt to make that theory satisfactory. The fault with the 
teaching of this subject to engineers, as I see it, is that engineers 
are not taught that varying magnetic fiuxes have associated 
with them, or produce, electric fields in space, even at points 
remote from the generating magnetic fluxes. Professor Dwight 
makes no mention of this in his paper. 

Engineers are taught that electric charges produce electric 
fields at points remote from the charges and where there may be 
no charge; they are taught that electric currents produce mag- 
netic fields at remote points where there may be no electric 
current. But they are not taught at all that varying magnetic 
fiuxes in the same way and in the same sense produce electric 
fields in space even at points remote from the generating varying 
magnetic flux and where there may be no magnetic field. 


Professor Dwight in his paper does not define the e. m. f. 
which he is attempting to calculate. Where the definition of 
e. m. f. is given with any precision, it is usually this: the e. m. f. 
between two points taken along some path joining the points is 
the integral of the electric force taken along that path. The 
electric force itself, at any point, or the electric field intensity at 
that point, is defined as the force which acts upon a unit positive 
charge placed at the point in question, and at rest there. If the 
unit charge is moving, then in addition to the force due to the 
electric field, there is another force upon the charge, whose 
magnitude is given by the product of the velocity of the charge, 
the intensity of the magnetic field at the point, and the sine of 
the angle between the directions of the velocity and the mag- 
netic field intensity. 

This statement shows that there is a kind of relativity about 
the electric field, because the electric charge which is at rest 
relative to one observer, will be moving relative to another. 
The first observer ascribes all the force acting upon the charge as 
due to an electrostatic field. The second observer attributes 
some or all of the force acting upon the charge, which is moving 
relative to him, as due to the reaction of the magnetic field at the 
point in question upon the moving charge. To determine the 
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electric field at the point, the second observer will observe the 
force upon a unit charge at rest relative to himself, but for the 
first observer, this charge will be moving, and he will in his turn 
ascribe some or all of this force to the reaction of the magnetic 
field upon the motion. Thus the two observers “‘see’’ different 
electric fields, for ‘‘seeing’’ electric fields means merely observing 
the motions, or the forces upom charged material bodies, and 
making deductions therefrom with an arbitrary assumption as 
to what body is at rest. Thus there will be different electric 
fields for different observers, and these electric fields will differ 
by the vector product of the magnetic force at each point and 
the relative velocity of the observers. However, it is not my 
intention to stress this relativity of the electric field but rather 
to point out what is necessary to give a logical and consistent 
picture of the electric field to a single observer. JI mention the 
relativity because in one of Professor Dwight’s examples which 
I shall discuss presently, there is confusion due to lack of recog- 
nition of this character of the electric field of being relative to 
the observer. 


Let us now consider the e. m. fs. which are induced in station- 
ary (relative to the observer) conductors. Professor Dwight 
discusses two examples, illustrated in his Figs. 2 and 3. In 
either of these cases, a stationary electric charge placed at the 
point a, that is at a point of the conductor subject to the induc- 
tion, will experience a force acting upon it. Therefore, there is 
an electric field at that point, an electrie field as real and existent 
as the electric field emanating from an electric charge. In fact 
it is the only kind of electric field there is, namely one deduced 
from the reaction upon stationary charges. Current will flow 
in the conductor subject to the induction due to the action of 
this electric field upon the mobile charges within the conductor. 
There need not be any magnetic field at the conductor; the 
electric field alone accounts for the current which may flow. 
The electric field may be calculated in known ways from the 
varying magnetic fluxes at other parts of space, and may be said 
to be due to these varying magnetic fluxes. To fail to consider 
its existence, and to attribute the force acting on charges in the 
conductor as due to the superposition of the effects of infinitely 
many component magnetic fields having all directions, and moy- 
ing in all directions, is to present not only a confusing picture 
but one which is logically inconsistent with the definition of the 
electric field intensity at a point. When this electric field is 
taken into account, there is no room left for the reaction of these 
hypothetical moving magnetic fields upon stationary electric 
charges. 


Let us now consider the case of a body moving (relative to the 
observer) in an unvarying magnetic field. Initially at least, 
there is no electric field, for a stationary electric charge experi- 
ences no force. There is therefore no e. m. f. anywhere, not 
even in the moving body. The charges making up the moving 
body will experience forces, but this is due to their motion in the 
magnetic field, and not to the presence of an electric field. If 
the body is a conductor, the charges will move due to these forces, 
and if the conductor is open, charges will collect at the ends of 
the conductor producing an electric field according to the prin- 
ciples of electrostatics. Evidently the electrostatic field will 
develop until it just balances the reaction of the magnetic field 
upon the charges at each point of the moving conductor. With 
the development of this electrostatic field there will be e. m. fs. 
between various points, in the conductor as well as elsewhere, 
and because this electrostatic field just balances the magnetic 
reaction, the e. m. fs. in the conductor can be calculated from 
the magnetic field and the conductor motion by the usual “‘cut- 
ting’’ rule. 

Professor Dwight’s calculation of the e. m. f. induced in 
the moving conductor which he presents on page 449 illus- 
trates the confusion of thought which results from the failure 
to recognize that the electric field is relative to the observer. 
Quoting from his paper ‘‘Where there is a force of B v dynes in 
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one direction on each unit positive charge and an equal force in 
the opposite direction on each unit negative charge, absolute 
electromagnetic units being used, there is by definition an electric 
field of B v abvolts per cm.” But, the definition of electric field 
referred to by Professor Dwight requires that the unit positive 
or negative charge which experiences the force B v dynes shall be 
atrest. The charges will be at rest only for an observer moving 
along with the conductor. For him, and for him only, will there 
be an electric field, and for him there will be no reaction of the 
magnetic field upon the charges at rest (relative to him). For 
him there will be varying magnetic fields at points fixed (relative 
to him) in space, at the boundaries of the uniform magnetic 
field, and from these varying magnetic fields he can calculate the 
electric field which he observes. 
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most complicated dance among themselves that we please, so 
long as we keep the lines straight and parallel and spaced with 
uniform density, for so long will they continue to represent 
correctly at each point the direction and intensity of the field. 
But we must not expect that this assumed motion of the lines of 
force gives rise or corresponds to any detectable reality, so that 
to ask whether these motions exist or not is to ask a meaningless 
question. Particularly we must not expect any reaction between 
these ‘“‘moving”’ lines and stationary charges. 

L. V. Bewley: My discussion of Professor Dwight’s paper 
will be a comparison with the point of view given in my own 
paper, Flux Linkages and Electromagnetic Induction in Closed 
Circuits... The scheme of classification is vividly represented by 
the “Family Tree of Electromagnetic Induction” shown in Fig. 1, 


THE FAMILY TREE OF ELECTROMAGNETIC INDUCTION 
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But for the observer for whom the conductor is moving, and 
for whom the magnetic field is unvarying there is no electric 
field, but only the reaction of the magnetic field upon the charges 
in the moving conductor. The electric field and the magnetic 
reaction exist only the one for the one observer, and the other for 
the other observer, and not both ‘simultaneously for either 
observer. 


When speaking of moving lines of magnetic force it must be 
remembered that the lines of force do not have all the reality of 
material objects, but that there is much arbitrariness in how we 
place them. We draw them in merely as a convenience in 
depicting the magnetic field, and the only restrictions upon them 
is that their directions shall be that of the magnetic field at each 
point, and that they shall be so spaced that their density shall be 
proportional to the intensity of the magnetic field at each point. 
This still leaves much arbitrariness in the positioning of the lines 
and in ascribing continuous individuality to them. Thus for a 
uniform field we may imagine the lines of force executing the 


the derivation of which is given in my paper. The principal 
features of this classification are: 

1. A change of flux linkages due to a substitution of circuit is 
interpreted as @ d n/d t, and does not induce a voltage. 

2. Faraday’s Law of Electromagnetic Induction n d¢g/dt is 
universal and general. It includes any and every case of induction. 

3. The occurrence of transformer action or of cutting action is 
entirely dependent upon the arbitrary choice of a system of 
reference axes. If the circuit moves as a rigid body, then by 
taking reference axes fixed to the circuit, the induced voltage 
may be computed as entirely due to the variational component. 
If the magnetic field is a rigid distribution, then by taking the 
reference axes fixed to this distribution, the induced voltage may 
be computed as entirely due to the motional component. If 
neither the circuit nor the magnetic field distribution remain 
rigid, then both the motional and variational components will 
necessarily appear in the expression for the induced voltage. 


1. A.1.E.E. Quarterly Trans., Vol, 48, April 1929, p. 327. 
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4. The second circuital equation of Heaviside, and the rate 
of change of vector potential, both of which assign a definite in- 
duced voltage to each element of circuit, are specific expressions 
for transformer action. They are invoked in the computation of 
electromagnetic waves or radiation. 


4 


5. For sufficiently long periods of time, the induced voltage 
is either periodic or zero. A continuous unidirectional or direct 
voltage cannot be obtained (from electromagnetic induction) 
except through the agency of a substitution of circuit, although a 
substitution of circuit does not in itself generate a voltage. 


General eriteria for the induced voltage in any given case, 
and essential definitions of a circuit and of a turn will be found 
in my paper, as well as the derivation of the voltage induced in a 
circuit of any shape moving and changing shape at any variable 
rate through an arbitrarily varying magnetic field. 

Having reviewed the general scheme of the phenomena of elec- 
tromagnetic induction, let us establish the validity for com- 
puting the voltage induced in an element of wire by component 
traveling fields, such as illustrated in Fig. 2 of Professor Dwight’s 
paper, or by Fig. 2 of this discussion. The flux density, ex- 
pressed as a vector, is: 

Be=iatjBt+ky =i) 4+7Ih @ +t) +he@ — mt) ] 

+k(o).. (1) 
where for the sake of simplicity only two waves have been taken, 
—one moving in the direction of positive x with a velocity vz and 
the other in the direction of negative x with a velocity 1. The 
direction of B has been taken entirely along the y axis, and the 
conduetor along the z axis. 
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Fig 2—Duistrinution or Frux Density ALONG AND 
NorMAL TO THE X Axis 


Heaviside’s second circuital equation is 


OB 


Curl H = — aa (2) 


where F£ is the electric force and B the flux density. Expanding 
(2) and substituting (1) there are the three scalar equations: 


Oz, . O Ey 26 

Oy ei we 

OE, ON eg 8 Des V 

oe etek a ae fila + ort) + Vesa (a — vet) (3) 
OE, OF; ee 

Oz oy 


And these have as a solution, compatible with the implied bound- 
ary conditions, 


E,=0 ) 
E, =0 (4) 
E,= +filx +01 t) — vofe (a — v2 t) 


But this is the same result as is obtained by applying the 
(BLY) rule separately to each component flux density wave, and 
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superimposing the results. In particular, if f, = — fi, and if 
Vg2 = V1, 

filo +t) +f2(o — mt) = 0 (5) 
at the conductor; although by (4) 
E, = fi(O +t) — fs (O —o2t) = 20 f:1(O + 4) (6) 


thereby verifying Professor Dwight’s conclusions, and rigor- 
ously establishing the rule for voltages induced by traveling 
distributions of flux. 


It may be remarked that a distribution of flux can be con- 
sidered as moving when it is expressible as a traveling wave. 


H. B. Dwight: The chief purpose of my paper is to find a 
wording, complete with such restrictions as may be necessary, 
for the well-known fundamental rules used in calculating in- 
duced voltages in metallic conductors, not including effects con- 
nected with radiation, so that a more complete statement of these 
rules might be included in elementary books than is usually 
found at present. 

dg 

Faraday’s law, expressed by the equation e = — dae was de- 
duced from observations on fine wires. Since the attempt is 
sometimes made to apply the law in one single calculation to 
circuits of heavy conductors or with branches in parallel, it 
seems advisable to include in the statement of the law a restric- 
tion against this. 

It does not seem necessary to add a statement that electric 
fields are produced at points in space by magnetic fluxes which 
are remote from those points. This is really contained in the 
statement of Faraday’s law, which says that an electromotive 
force is induced in the boundary of an area, which is, of course, 
separate or remote from the magnetic fiux at the central parts of 
the area. In the paragraph of my paper following Fig. 1, the 
e. m. f. at a place distant from the flux is specifically mentioned. 

The e. m. f. caleulated in my paper is defined in the title,— 
it is the e.m.f. electromagnetically induced in a conductor. 
This should be distinguished from the electric field measured by 
an observer with respect to whom the conductor may be moving. 

Dr. Slepian’s discussion regarding two observers does not apply 
to the rules dealt with in my paper for two reasons. First, he 
deals with the complete electric field at a point due to all causes. 
It is, however, possible to caleulate the induced e. m. f. in a con- 
ductor separately and the title of the paper calls for such a cal- 
culation. Second, where only one cause is acting to induce 
e. m. f. ina conductor, he divides the effect into two parts, namely 
the electric field as measured by a stationary observer, and 
“another force’? due to the motion of the conductor. Instead 
of the electromotive force in the conductor being equal to the 
first part, it is equal to the sum of the two parts. It should not 
be assumed that this indirect method is the only way to compute 
the induced e. m.f. ina conductor. The rules dealt with in the 
paper are used to a considerable extent and they take account of 
the motion of the conductor directly. 


I wish to take exception to the statement.of Dr. Slepian that 
there is no e. m. f. in a body moving in an unvarying magnetic 
field. When the directions are at right angles, the e. m.f. due 
to the motion is Blv, whether calculated by the rule of that 
name or by other methods. This is probably a matter of the 
meaning of the terms, but when positive charges are forced in 
one direction along a wire’and negative charges in the other 
direction, there is an electromotive force in the wire. Further, 
as Dr. Slepian states, to an observer moving with the wire there 
is an electric field. The sentence quoted from my paper is in 
agreement with this. In refutation of Dr. Slepian’s statement 
quoted in the first sentence of this paragraph, reference may be 
made to the second page of the paper by S. J. Barnett (A. I. E. E. 
Trans., 1919, p. 1496), where in connection with a moving 
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conductor it is said that ‘‘the electric intensity and electromotive 
force in the body due to the motion have been called the mo- 
tional intensity and e. m. f. by Heaviside.” 

Mr. Bewley’s discussion tends to confirm my conclusion that 
an extremely short statement of rules for induced voltage, with- 
out restrictions, cannot safely be used for practical problems 
about electrical apparatus. This is shown by the number of 
items given in his table. In contrast to Dr. Slepian’s statement 
that there is no e. m. f. in a moving body in an unvarying mag- 
netic field, Mr. Bewley describes the motional e. m. f. in such a 
case. 

Mr. Bewley’s use of Maxwell’s differential equations with the 
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application of boundary conditions to the problem of two travel- 
ing waves, is very interesting and it is noteworthy that he does 
not say that all problems, short or long, should be solved by this 
method. The method is powerful and reliable, and I believe 
that electrical engineers in this country would do well to follow 
the European example and make more use of this method. 
However, it cannot be expected that the simpler rules for cal- 
culating induced voltages in conductors will be completely 
given up, especially as they are being taught to twelve-year-old 
students in Junior High Schools, including the description of 
moving magnetic fields, and so it seems desirable to make the 
wording of these rules as safe and reliable as possible. 


Induced Voltage of Electrical Machines 


BY L. V. BEWLEY: 


Associate, A. I. E. E. 


Synopsis.—The object of this paper is to describe and discuss a 
general equation for the induced voltage of electrical machines 
having parallel coil sides, and which includes as special cases single 
and polyphase induction motors, synchronous generators, d-c. gen- 
erators, synchronous converters, and static transformers. The 
application of the general equation to most of these cases is illus- 
trated, and a number of interesting problems which may be solved 
by means of it is pointed out. A characteristic of this equation 
is that no restrictions are placed on the velocity of the moving con- 


I. INTRODUCTION 


HE purpose of this paper is to derive and discuss 
T a general equation for the induced voltage of 

electrical machines having uniformly distributed 
parallel coil sides moving through a distribution of 
flux which can be represented by a Fourier series. The 
equation is general in that the circuit considered may 
have any number of phases connected in series in any 
arbitrary manner, and any particular phase may con- 
sist of any number of uniformly distributed, fractional 
pitch, skewed coil sides moving at variable speed 
through a distribution of flux which may pulsate and 
rotate at different rates. This equation includes as 
special cases the processes of induction found in the 
more familiar types of electric power apparatus, such 
as synchronous motors and generators, induction 
motors, d-c. motors and generators, synchronous con- 
verters, and static transformers. Because of its 
generality, this equation may prove awkward and 
unwieldy in dealing with a particular type of machine, 
since it was not derived with the idea in mind of 
adapting it to some special condition of symmetry 
affecting the choice of a coordinate system, or to the 
necessity of correlating with the related phenomena of 
currents, m. m. fs., and fluxes. There is an essential 
distinction between developing an equation for 
the complete analysis and determination of character- 
istics of a particular type of machine on the one hand, 
and deriving an equation whose purpose is to study the 
variation in process of some specific phenomena which 
occurs in several types of apparatus, on the other. 
In,the latter case, greater flexibility is required, and the 
expression should be purged of all possible detail 
irrelevant to an understanding and classification of 
the ideas under consideration. For instance, certain 
facts become masked and obscured by the massive 
array of symbols associated with the complete harmonic 
analysis of a synchronous machine, involving the 
specification and manipulation of the Fourier series of 
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ductors, or on the rates of pulsation and rotation of the flux; but 
these may vary in any arbitrary manner which can be given a 
suitable analytic expression. The several methods for the reduc- 
tion of harmonic voltages are classified and their limitations dis- 
cussed in such a way as to leave in mind a vivid picture of the 
process. Tables and curves have been prepared for comparing the 
effects of the skew, pitch, distribution, and phase connection har- 
monic reduction factors. A new method for summing the finite 
series of the distribution summations is given in Appendix IT. 


currents, m. m. fs., permeances, fluxes, and voltages. 

Incidentally, a study of the general equation derived 
in this paper permits making a critical review and 
classification of the available means for suppressing 
harmonics in the induced voltage by special arrange- 
ments of the windings. These special arrangements 
give rise to certain functions known as harmonic reduc- — 
tion factors, which enter the equation as ordinary 
coefficients. They are called, corresponding to the 
particular arrangement of the winding to which they 
apply, the skew, pitch, belt distribution, and phase 
connection harmonic reduction factors respectively. 
These same factors have an almost exactly analogous 
effect in suppressing the harmonics of armature reac- 
tion, but their consideration in that respect is outside 
the scope of the present paper. The full limitations of 
these factors are not generally appreciated. For 
instance, it is usually assumed that it is impossible to 
have a third harmonic in the line voltage of a three- 
phase synchronous generator if it is connected Y, or 
has coils of 24 pitch, or 120 deg. phase belts, or con- 
ductors skewed 120 deg. with respect to the pole; be- 
cause each of these conditions is supposed to completely 
eliminate the third harmonic and its multiples. Yet 
such a harmonic will appear in the line voltage of a 
machine having all of these conditions, if there happens 
to be an even time harmonic in the air-gap flux. On the 
other hand, a third harmonic due to such a cause can 
be eliminated by a suitable arrangement of the winding. 
Now this is not a new discovery, but only the specialist 
would notice the fact in a treatise on the harmonic 
analysis of synchronous machines. 


II. GENERAL DISCUSSION 
If it is possible to express the distribution of flux in 
an electrical machine having parallel coil sides by the 
Fourier series 


Eee a (ee carck 
1 


then: the most general equation for the induced line 
voltage, regarding %, 8;, and ‘y; as functions of time, 
is shown in Appendix I to be 


(1) 
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(17) 
where the C coefficients are the harmonic reduction 


factors depending on the arrangement of the windings, 
defined in Table I. 


TABLE I 


Seat of the 


Reduction factor reduction 


sin k \/2 
Skew factor.....| Cszk = kX/2 In the coil side 
ri pr 
Pitch factor..... Cpk = sin 2 Between coil 
sides of the coil 
Distribution fac- sin kc 6/2 
torot: Delbiee..-|) \Gdiee- = sas 174. 7on, Between coils of 
Ca id the phase belt 
Connection fac- i ; 2 2 
(30) dea aa ee @ = ¥ @sin k or)" + (2 608 k 6r)"| Between phases 


n 


If the n phases of the connection factor are uniformly 
displaced by the angle ¢ then 
sin k n ¢/2 
= 
n sin k ¢/2 
which is then in the same form as Cx, and the same set 
of curves will serve for both. Moreover, 


_ sink 6 ¢/2 sink n ¢/2 
She SY aoe ee kn¢/2 


Thus under these limiting conditions, the three reduc- 
tion factors C;:, Caz, and C., have the same form. 

Associated with C4, and C., are the distortion angles 
y,’ and y;, defined in Appendix I, and these cannot, in 
general, be made to disappear by a convenient choice 
of reference axes. In other words, a lack of symmetry 
and uniformity in the windings, or in the way that they 
are connected in series, will cause a distortion of the 
voltage wave by an angular shift in the relative posi- 
tions of the harmonics, as well as by the reduction in 
amplitudes characteristic of symmetrical arrangements 
of the windings. 

While these reducing factors have different names, 
they are in fact due to the same essential cause—the 
arrangement of the circuit so that the harmonic volt- 
ages produced in different parts are in partial or com- 
plete opposition and thus tend to cancel out over the 
complete circuit. Fig. 1 illustrates how. this is accom- 
plished in the case of a third harmonic. * 


if6>OandC., = it ¢>-0, 
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If the conductor is skewed or spiralled so that half 
of it is cutting through a positive loop, and the other 
half through a negative loop of the harmonic of space 
distribution, then the voltage induced in the two halves 
of the conductor are always in direct opposition and 
therefore completely cancel within the conductor it- 
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self. The next simplest method of cancellation is to 
use a coil of fractional pitch so that both coil sides are 
cutting through positive loops of flux, but the voltages 
generated thereby cancel in the coil. In this case the 
coil may be either of short or long pitch. The distri- 
bution of the winding in more than one slot per phase 
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gives rise to a reduction of the harmonic voltages be- 
tween the coils which make up the phase group. 
Finally, it is possible to eliminate those harmonics 
which are multiples of the number of machine phases, 
by connecting phases in series. 

Representative curves of the skew, pitch, and distri- 
bution factors are shown in Figs. 2, 3, and 4 respectively, 
and the phase connection factor for a few simple cases 
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is given in Table II. Only a sufficient number of har- 
monics has been plotted to indicate the general nature 
of the functions. It will be noticed that the maximum 
value which any of these coefficients may have is unity, 
or more appropriately, their values lie within the range 
(—_1<C <+11), because they have been defined as 
geometrical averages. 
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As a rule it is desirable to suppress as many harmonics 
as possible at the least cost to the fundamental. 
For all harmonics are more or less objectionable, 
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but when they are suppressed in such a way as to 
reduce materially the amplitude of the funda- 
mental it means more flux in the air gap, more excita- 
tion, and possibly higher losses, or even a larger sized 


TABLE II 
THE PHASE CONNECTION COEFFICIENT AND ANGLE 
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machine. It must be understood that other considera- 
tions than the relative efficiency have a decided bearing 
on the choice of a method of harmonic reduction. 
Thus if either skewing or fractional pitch is an available 
method in a given case, the fractional pitch would 
undoubtedly be the choice; because it is less expensive 
to make straight slots and coils, there is considerable 
saving in copper and copper losses on account of shorter 
end windings, and for the same reason a possibly shorter 
machine with less windage loss. 

While 8,, yz, and 2x) in Equation (17) may be any 
arbitrary functions of time, yet the electromagnetic and 
mechanical characteristics of electrical apparatus are 
such that each of these items may, for practical purposes, 
be taken as composed of a series of terms of the type: 


By = Bor tbe? +Bxsinwt+Bs,e"sinwt (22) 


d Vx a’t s ! tae i) 
di = Vor + Vin €O +o, Sin wt + V3, € Sin w’t (23) 


d Xo 
dt 


SV aes iV side to Vise, Sin wf 


(24) 
Thus immediately after an unsymmetrical short cir- 
cuit on a synchronous motor the flux in the air-gap 


Fia. 


5—GENERAL ARRANGEMENT 


consists of terms such as given in (22). If the short 
circuit is severe enough to cause hunting, the constant 
velocity of the armature will have superimposed there- 
on an oscillation which may, if the conditions are right, 
continue indefinitely, die out exponentially, or even 
increase in amplitude until the machine falls out of step. 
The oscillatory passage of the teeth and slots across the 
pole faces will cause the distortion in the flux. Thus 
Equations (22), (23), and (24), represent actual possi- 
bilities. The direct substitution of (22), (23), and (24) 
in (17) yields a representative equation for the induced 
voltage in electrical machinery, but for the purpose of 
this discussion it is not necessary to carry out the actual 
substitution. It is sufficient to notice the following 
facts: 

(a) When the flux distribution contains only rigid 
space harmonics, and when the coils are moving at a 


BEWLEY: INDUCED VOLTAGE OF ELECTRICAL MACHINES 


459 


constant velocity; then only those time harmonics can 
appear in the induced voltage which are present in the 
space distribution of the flux, and which are not wiped 
out by the harmonic reduction factors. In this case, 
if any reduction factor for the kth harmonic be made 
equal to zero, then the kth time harmonic will be 
canceled out of the induced voltage. But every 
harmonic, including the fundamental, will . suffer 
a reduction in magnitude if the slots are skewed 
or if the coils are made either short or long pitch, or 
if the total turns are distributed, or if phases are con- 
nected in series—in brief, any departure whatsoever 
from a straight-sided, full-pitch, concentrated winding 
will cause a reduction of all harmonics. In particular 
if the fundamental is canceled by any reduction factor, 
so will every harmonic be canceled. 


(b) The presence of exponentials will cause either 
damped or cumulative oscillations, depending on the 
sign of the exponents, to appear in the line voltage. 
The abrupt change of the excitation on a machine, 
either by rheostat adjustment or by an automatic 
voltage regulator, causes the flux to build-up (or decay) 
exponentially. This change in 6, and its derivative is 
reflected in the equation for the induced voltage, as 
exponential-trigonometric products, that is, as damped 
or cumulative oscillations. An exponential variation 
of 8, may also be caused by a symmetric short circuit, 
or abrupt change of load occurring on a generator. If 
the torque of the prime mover driving a generator, or 
the mechanical load on a motor changes, an adjustment 
in speed takes place. This speed transient will contain 
an exponential term due to the mechanical inertia of 
the rotating parts. In the case of power suddenly 
shut off from an open-circuited generator, the speed 
decrement is practically a pure exponential (not rigor- 
ously so, because the friction is not constant throughout 
the speed range). These exponentials in speed cause 
the amplitudes of the harmonics in the induced voltage 
to change proportionally, and the wavelengths of these 
harmonics either contract or expand according to an 
exponential law. 

(c) Perhaps the most important class of time varia- 
tions in flux and speed are those of a purely oscillatory 
nature. Periodic fluctuations in flux are caused by 
sustained unbalanced short circuits and unbalanced 
loads on polyphase machines, the time harmonics of 
polyphase armature reaction; variation in the air-gap 
reluctance due to the passage of teeth and slots, and the 
elliptical rotating fields of single-phase motors. 

Any possible product of sine and cosine terms may be 
expressed as the sum or difference of sines or of cosines, 
for example 
2sin wt. sink wot = cos (k Wo — w)t— cos (k wo + w) t 
It is of importance to observe from relationships of this 
type that it is quite possible to produce a harmonic of 
any order K (integer or fractional) in the induced volt- 
age, even though the reduction factors have been 
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adjusted for its complete cancellation. These possibili- 
ties are given by 

Wy) K = (kw + w) 

For instance, suppose that the reduction factors will 
wipe out the 5th time harmonic due to a 5th space 
harmonic of flux distribution. But as a possibility 

5 = (k + w/w) 

from which it is evident that the 5th time harmonic 
may nevertheless appear in the line voltage if the air 
gap flux contains a space fundamental, k = 1, pul- 
sating at w/w) = 4 times normal frequency, or a 3rd 
space harmonic pulsating at w/w) = 2 times normal 
frequency; or in general a kth harmonic pulsating at 
w/W,) = (k — 5) times normal frequency. More gener- 
ally, since the periodicity of the flux pulsation may be 
arbitrary, it is possible to produce frequencies in the in- 
duced voltage which are not multiples of each other. 


The only common sinusoidal fluctuations in speed 
that occur in practise are those due to sustained 
hunting of synchronous machines, and prime movers 
or drives with cyclic torques (reciprocating engines, 
compressors, etc.). 


It is seen from Equation (17) that such cyclic varia- 
tions in speed affect both the amplitudes and wave- 
lengths of the induced voltage. 


(d) Finally there is the class of time variations in 
flux and speed represented by damped (or cumulative) 
oscillations. Each of these appears in the voltage as a 
pair of damped (or cumulative) oscillations of different 
frequencies. They are caused by hunting, pulsating 
speed regulation by the governors of prime movers, 
and unsymmetrical short circuits of polyphase machines. 


PIE 


Under this section of the paper, the application of 
Equation (17) to some of the more familiar types of 
électrical machines will be illustrated. In order to 
conserve space, certain simplifying assumptions will be 
adopted in making these applications. But it must be 
borne in mind that the generality of the equation is not 
limited by any such restrictions as may be invoked in 
the interests of simplicity and brevity. An extension 
of the analysis to include more detailed considerations 
will be obvious from the simple specifications given 
here. 


Synchronous Generator. If all of the phenomena 
which occur in a synchronous machine are to be included 
in its analysis, then every term of Equation (17) will be 
required for the description of the induced voltage. 
Thus an unsymmetrical short circuit will cause a 
damped pulsating armature reaction with a correspond- 
ing variation of flux; the passage of teeth and slots 
cause the teeth harmonics of flux distribution to sweep 
across the pole face; and the hunting of a synchronous 
machine superimposes on the constant speed of rotation 
an oscillation which may be damped, sustained, or even 
cumulative. But neglecting such abnormal conditions, 


APPLICATIONS 
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and taking the armature as the rotating element, there 
is: 


7 bs 2 
Sp = 2 totih =1Wo aa t where fy = frequency. 


d B,/dt = 0 since the flux distribution is steady. 
dy ;./dt = 0 since the flux distribution is fixed. 
Substituting these values in Equation (17) there is 


n N’ 
108 


Eine = —47L fy SD) Cor Car! Cyn Cor Br 
1 


cos k (wot + Yu + We’ + vx) 

Now in commercial machines the field pole flux is 
rigid and symmetrical. The space harmonics are there- 
fore of odd order and fixed in a symmetrical position. 
Consequently for a machine on open circuit (or supply- 
ing zero power factor current), k is odd, and either 
Ye = ¥1 OF Yr = (¥1 +7). When the machine is 
supplying an energy component of load the air-gap 
flux is distorted and unsymmetrical, so that the zeros of 
the flux harmonics are not necessarily coincident; 
and only consideration of the effects of armature - 
reaction and air-gap permeance will permit 6; and yy; 
to be completely specified. 

If all phase belts of an alternator are alike (that is an 
integer number of slots per phase per pole) and if Q is 
the number of phases per pair of poles, then from 
Equation (9) of Appendix I 


sin (2k— 1) 7/Q 
esin (2k — 1) r/cQ 


= 0 if (2k— 1) = multiple of Q but not of (cQ) 
= 1if (2k—1) = multipleof (c Q) 
It is rather interesting that the distribution factor of 

a Q phase machine will eliminate the multiple of. Q 
harmonics if there is more than one coil per phase belt, 
but will not eliminate those harmonics which are also a 
multiple of the product of the number of phases by 
the coils per phase belt, (¢Q). For instance, if a true 
three-phase machine (120 deg. phase belts) has three 
coils per phase belt, then the third harmonic will be 
completely wiped out, but the ninth harmonic and its 
multiples will not be reduced by the distribution. 
However, ina double layer winding the ninth would be 
wiped out by the pitch factor in this case. A single 
layer winding would have to be used to take advan- 
tage of the fact. 


The equation for Hi;,. given above is based on the 
assumption that the armature is the revolving member. 
If the field revolves, then x) = 0, and yx = Ye.+ @ot 
(since the flux distribution moves as a rigid system), 
so that d y;./dt = wo. Making these substitutions, the 
same equation is obtained as that given above for the 
case of a revolving armature, except that Y; replaces 
‘x as the constant angle fixing the relative position of 
the harmonics in the rigid distribution of flux. 

Polyphase Induction Motor. Consider for the sake 
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of simplicity only the space harmonic of fundamental 
frequency f in the revolving field of the air-gap flux, 
and let fy be the mechanical frequency of rotor rotation. 
If the direction of rotation of the revolving field be 
taken as positive, then the angle y, in the Fourier series 
for the flux distribution, Equation (1), is negative, so 
that 

y= = 2 ft, sod yi/dt = —2arf 

% = 27 fot, ri d xo/dt = 27 fo 

Substituting these values in Equation (17) there is 

Depron cot al Is geen rer Ca Co Csi Bi 

(f — fo) cos [2 m (fo — fo) t + vi’ + 

This equation shows that at standstill, fo = 0, the 
voltage induced in the rotor is of stator frequency, f. 
If the rotor is running at synchronism the voltage is 
zero and direct current. For speeds above synchronism 
the voltage increases in magnitude and frequency with 
the speed. 

The equation for the stator counter e. m.f. is, of 
course, of the same form as that derived in the previous 
case of a synchronous generator. 

D-C. Generator. The exact calculation of the voltage 
across the brushes of a d-c. generator would take into 
consideration such things as the variation of the air- 
gap flux due to the moving teeth and the pulsation in 
armature reaction caused by the oscillation about its 
mean position of the belt of conductors between 
brushes; the sector of brush overlap; the slight cyclic 
variation of field excitation when under automatic 
regulator control, ete. Assuming, however, that the 
number of armature conductors per pole is reasonably 
large, so that the effects of the belt oscillation may be 
neglected, and disregarding the teeth pulsations, brush 
overlap, etc., the following conditions obtain: 

d y,/dt = Osince there is no movement of flux 


dB,,/dt = Osince there is no pulsation of flux 

go a/t = & = angleof brush shift 

dx,/dt = (no. of poles) (rev. per min.)/60 = 2 ae 
= velocity of conductors 

vy.’ = ¥, = 0 since there is only one belt between 


brushes. 


Substituting these values in Equation (17), the induced 
voltage across an adjacent pair of brushes is found to be 


N’ (RPM 
Leprushes = —27 0 108 (Po le s) 
~ Car Cox Cex Be CoS k (Yu + &) 
= 4rb a eS Car Cre Cur Br cos k (yx + £) (36) 


It is evident that the voltage is a maximum when 
VY, = —(E+ m7), for then cosk (yz + 2) = +1 
and each harmonic contributes a maximum. The 
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possibility of taking either sign is necessary in order to 
neutralize a change in sign caused by the harmonic 
reduction factors. 

Since the ‘phase belt” of a d-c. machine spans a pole 
pitch, the distribution factor is 


Slice Mer ete at a Tee a 
csink w/2c ~ eS ALG 


Ca = kw 2 

Thus even harmonics in the flux distribution will not 
contribute to the induced voltage. For a full pitch, 
infinitely distributed winding, without skew, 


SUK 
Cok = Sin ote and Gy, =k 
N’ as 
Eeskss = — 2 TL 108 (Pole le S) 
ves 3 fet (Zia tar B or-1 
cos (2 k — 1) (Yex-1 + &) 
N’ (RPM) Ne 
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TL st 
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é 1 
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1 

= (flux between brushes due to the odd harmonics) 

From the standpoint of telephone interference, a 
rather interesting problem in the design of d-c. commu- 
tating machines is the calculation of the voltage pulsa- 
tion due to the oscillation of the armature conductors 
about their mean position with respect to the brushes. 
These ripples may be computed by allowing £ to vary 
over the oscillation range, in the above equations. 
While the segregation and ultimate specification of 
these pulsations as Fourier series is usually desirable, 
space will not be taken up here for such a study. 

Synchronous Converter. The a-c. and d-c. induced volt- 
ages of a synchronous converter are found from the 
equations for the Synchronous and D-C. Generators 
respectively. 

Substituting in the ce for the Synchronous 
Generator the values 


sin k 7/Q 


0, N’=eN, Ca’ =Car= csin k 6/2 


n=1, ¥r=0, ve = 


where 6 = 27/cQ = slot angle; the phase voltage is 
Beahas =—-A4AL Th N 10-2 


e sin k 3 ; 
= ee Cor Cox Bx COS k (Wot + Y:) 
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The effective value of the fundamental (the applied 
e. m. f.) is 


4 sin 77/Q 
—_ ——— —3 
E, SE /2 L TfN10 in 6/2 C1 C51 By 
Substituting in the equation for the D-C. Generator 


sin k 7/2 
csin k 6/2 
o= = 41 Th N 10-8 
1 
Therefore the ratio of the d-c. induced voltage to 


the effective value of the fundamental component of 
the a-c. induced voltage—the ratio of conversion—is 
Ege cos (yi + &) 


E, -v2 ea. 


the value Ca, = gives for the d-c. voltage 


Ea. 
sin k 1/2 


Ro Cor Cox Be COS K (¥en + &) 


S sin k w/2 . sin 6/2 . Coe Om Bi. 
sin 7/Q. sink 6/2 .C 1 C1 Bi 


= /2 A/sin (1/Q) 

For a detailed discussion of the voltage ratio of a con- 
verter, based on this equation, reference may be made 
to The Synchronous Converter by T. T. Hambleton and 
L. V. Bewley, A. I. E. E. TrRAns., Vol. XLVI, 1927, 
p. 60. 

Synchronous Converter with Polyphase Field. Con- 
sider a synchronous converter armature with a fre- 
quency f» applied to its slip rings, revolving in the poly- 
phase stator field of an induction motor supplied with 
currents of frequency f;. If f, denotes the frequency of 
mechanical rotation of the armature, then from the 
equation for the rotor voltage of a Polyphase Induction 
Motor, there is (considering only the fundamental) 


cos k (yz. + 0 | 


/ 


N 
Brotor=4 Ltn “108 Ca Cy, Cs1 Bi(fi—fo)cos 2 mw (fo—f1) t 


The condition that this voltage must have the same 
frequency f. as that applied to the slip rings, requires 
that 


tfar=. Sforcda) mor, elo afavateyfo) 
Pere ea 82 Tagide een y) O bia 2a fs 
W=-arfit, dyi/dt=—2rf;, 


The voltage at the brushes, as in the analysis for the 
D-C. Generator is 


Ei ivaanes =A ites a CarC 1 C1 Bi (fo— fii) cos (g-2 w fi t) 


N’ 
108 
Thus the voltage at the brushes is of the same fre- 
quency as that of the field, but the amplitude is pro- 
portional to the frequency applied at the slip rings. 
If f: = 0, the field is d-c. and the equations reduce to 
those for the ordinary Synchronous Converter. 
Equation (17) is also readily applicable to the case 
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of a standard converter supplied with a-c. field excita- 
tion, or for that matter, an excitation varying in any 
arbitrary way. 

The Transformer. There is no practical advantage 
in showing that Equation (17) includes the special case 
of the static transformer. The demonstration is in- 
cluded here merely for the sake of completeness and to 
show the general validity of the equation. Consider an 
ideal transformer having a rectangular core of section 
(7 L); and neglect the leakage flux. Then at any in- 
stant the flux density is uniform over the core, and the 
equation of its distribution in the direction of 7 is that 
of a rectangular wave. But in a rectangular wave the 
harmonics are all of odd order, and their amplitudes are 
PEEMAOIY as their onder, so that Equation (1) becomes 


a nS 


TX 
1) op 


4 

ES sig HDs 
it 
Since the turns are full pitch, and the conductors are 
not skewed or distributed with respect to the distri- 
bution of flux, it follows that C,, = 1, Cp, = sink 7/2, 
Cu=1, ¥, = 0. Both the conductors and space 
distribution of flux are stationary, so that dx)/dt =0 
and d y,/dt = 0. The coordinate to the midpoint 
of the coil is %) = 7/2. The induced voltage therefore 

is, by Equation (17) and the above conditions: 


sin (2k — 


sin (2k—1) rx/r 
(2k — 1) 


PUN ee et <1 sin? (2k — 1) 1/2 
rom 7 10 mo dt (2k — 1)? 
Nin. d Bly gated 
T LO dtesp <a meLOseaee 
SINCBta niet a = | andi ie ae 


Although ae irrelevant to the subject matter of 
this paper, a discussion of the theory of induction in a 
transformer by “cutting action” may not be too much 
out of place. 

In the above equations B is the instantaneous value 
of the flux density pulsating at frequency f, so that 
B = Bysinwt and therefore 


sin wt.sin (2k—1) 27/7 
(2k— 1) 


EIS | cos[ wt- @k-) = | 
1 
~eos[ w+ ee 22] | = Sg) td > BY - 


The term [wt + (2k— 1) 7 x/7] = constant defines 
the position of any given point on the cosine wave at 
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any time t, and this point moves across the core section 


+ O) T- 


=e OEE (egy See thus 


at a velocity inversely 
proportional to the order of the space harmonic. The 
pulsating flux wave has thus been decomposed into two 
systems » 6’ and & 6” of traveling waves moving at 
equal speeds in opposite directions. The flux density 
at the conductors, located at « = 0 and x = 7, is found 
by substituting these limits in the expression for B. 
The induced voltage, calculated by the (BLV) 
method, then is 


_N 
€= 9 BLY) 


ee) 


Se Nskos, a Be-o + Bear — Be=0 — B= 
ta 1.08 1 > 2k—1 
' I 
_—Ne LB ray 4cos wt 
ae LO! ec: 2 ea? Qk1) 
1 
=— Nw(r L Bo) cos wt 
oo or N dod 
= ape, PHCORE = — oe as 


If the core section is not rectangular it may be re- 
placed by any rectangular section having the same effec- 
tive area, rT L = A, and operating at the same density. 

Although the correct result has been obtained by 
-2onsidering the standing waves to be composed of two 
series of traveling waves, and then computing the 
induced voltage as due to “cutting action,’ yet at the 
conductors themselves the flux density is zero, for 

Beno + 82-0 = 0 
Beep Peas 0 

Thus in an application of the (B L V) method, the 
component flux densities and their individual velocities 
relative to the conductor must be considered separately, 
and only those flux densities superimposed which have 
equal velocities and in the same direction at the 
point of superposition. This interesting situation was 
previously pointed out by Dr. H. B. Dwight in the April 
1928 issue of the Electric Journal. 

Additional Applications. For those wishing to be- 
eome familiar with the use of the general equation, 
the following problems may prove interesting and 
instructive. 

(a) Calculate and plot representative ranges of the 
voltage wave of a synchronous generator on open cir- 
cuit brought up to speed by a prime mover delivering 
constant torque, assuming friction and windage inde- 
pendent of speed. 

(b) Plot the open-circuit voltage of a synchronous 
generator supplied with field excitation from a recti- 
fying device having a second time harmonic. 

(c) Plot the open-circuit voltage of a synchronous 
generator driven by a reciprocating engine having an 
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exaggerated cyclic torque. Segregate out the time 
harmonics for different amplitudes and periods of 
oscillation. 

(d) Each phase of a two-phase induction motor 
stator is excited at a different voltage and frequency. 
Find the slip ring voltage induced by the stator flux 
in a three-phase Y-connected rotor driven externally 
at constant speed. 

(e) A d-c. generator field is excited with alternating 
current. Calculate the voltage at the brushes. 

(f) The field of a separately excited d-c. generator 
is closed as the machine starts to accelerate from 
standstill. For a reasonable field time constant and 
rate of acceleration plot the voltage at the brushes. 

(g) Study the effects of slots and teethin producing 
voltage ripples, by analyzing flux plots and specifying 
as Fourier series. In particular, decide whether these 
flux harmonics are standing or traveling waves. 

(h) Calculate the voltage ripples of a d-c. generator 
when the oscillation about its mean position of the belt 
of conductors between brushes is taken into account. 
Specify as Fourier series. 

The author wishes to thank Mr. S. T. Maunder who 
verified the equations with independent derivations. 


LIST OF SYMBOLS 


B = instantaneous flux density 

By) = maximum flux density 

c = coil sides per phase belt 

C., = skew factor for the kth harmonic 


Cyr = pitch factor for the kth harmonic 

Car = belt distribution factor for the kth harmonic 

equivalent distribution factor for dissimilar 
phase belts in series 

C.. = phase connection factor for the kth harmonic 

e, = voltage induced in the mth coil of a phase belt 

= voltage induced in a single-phase group 

=. voltage induced in a complete phase 

= induced line voltage 

= frequency 

= order of the harmonic 

= effective length of stacking 

= position of coil in a phase group 

= number of phases in series between lines 

= number of turns per coil 

number of turns per phase 

= per cent pitch 

= number of poles 

= number of phase groups per phase 

= number of phases per pair of poles 

. per min. = revolutions per minute 

= time 

= velocity of moving flux 

velocity of moving conductors 

coordinate of any point in the direction of 
motion 

coordinate of the midpoint of the first coil group 

= coordinate of any point perpendicular to the 

motion 
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@ = mechanical angle of skew 

8, = instantaneous amplitude of the kth harmonic of 
flux density 

Y. = instantaneous displacement angle of the kth 


harmonic of flux density 

= electrical angle between coil sides 

= base of Naperian logarithms 

angle between adjacent phases 

= displacement angle of a phase group 

= displacement angle of a phase 

= electrical angle of skew 

= angle of brush shift 

= slot pitch distance 

pole pitch distance 

= flux 

= shift of the kth harmonic due to phases in series 

= shift of the kth time harmonic due to dissimilar 
belts 

= 27f = angular velocity 

= sign of summation, effective as implied. 
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Appendix I 


GENERAL EQUATION FOR THE INDUCED VOLTAGE OF 
ELECTRICAL MACHINES 


The following analysis applies to electrical machines 
having uniformly distributed parallel coil sides moving 
through a distribution of flux which is uniform in. a 
direction in the plane of the coil perpendicular to its 
motion. 

Let the space distribution of flux density due to the 
combined effects of field excitations, armature reactions, 
and leakage reactances be specified by the Fourier 


series: 
: x 
B= > 6sink(—7+ %) (1) 
1 
where 
k = order of the space harmonic 


B, = amplitude of the kth harmonic 


.“£ = coordinate of any point 
T = wavelength of the fundamental = pole pitch 
Y; = displacement angle of the kth harmonic. 


If the coil sides situated in this field are skewed with 
respect to the poles, the equations of the trailing and 
leading coil sides of the mth coil, counting from the 
trailing end of the group of coils, are respectively (see 
Fig. 5) 


rT c-—l 


ae Oram) 


o+(m—1) o+y tana (2) 


c—1 
Ln =XLo+rD Joa o+(m—1) o+ytan a=%n+p T 
(3) 
where 


xo = coordinate of the midpoint of the coil group 
p = pitch of the coils expressed as a fraction 


Il 
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number of coils in the coil group 
distance between adjacent coil sides = 
angle of skew 
coordinate at right angles to the direction of 
motion, reckoned from midpoint of the coil 
side. 
The total flux included by the mth coil is, by Equa- 
tions (1), (2), and (3), 
L/2 %m’ 
Pm = Bdyd«x 


—L/2 xm 


slot pitch 


c 

o 
a 
y 


foo} 


B ; Lo 7 
: Con Cur sin ke ( 


sony he 
a 1 k 


1 


1-2 
e+ HO CORIO ) (4) 


77 Fe 


where 
L = effective length of the stacking 


sink (LD 7 tan a/2 7) sink d/2 


= enone = skew re- 


Sb. we tanio/2 yt 


duction factor for the kth harmonic 


(5) 


Tv 
Cpe = sink a = pitch reduction factor for the kth 
harmonic (6) 
Now in general, xo, 8:, and yy; are all functions of 
time t; so that the induced voltage of the mth coil of 
N turns is 


—-N don —N Odm adxXy 
emacs (i fee ube | Oa; de 
oS a a +> an a 
1 a 1 
BA ON 7 oes 
1 
{+ sin k (m —=-—" + = *™ —— 3+ 42) 
+(e t= ) 8, 008k ( ci 
a‘. ctr ee zF tn) | 7) 


The total voltage for a phase group consisting of c 


_ such coils uniformly distributed by the pitch o is, by 


the method of summation given in Appendix II, 


*This result is obtainable by direct substitution in Equa- 
tion (19) of the author’s paper Flux Linkages and Electromagnetic 
Induction in Closed Circuits, A. I. E. E. Quarterly TRrans., 
Vol. 48, April 1929, p. 327. ; 
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c 


= Sem=-2b—> 


1 


FD eacn cs 


108 


Ld Bie Lo 7 
ear nk(“ + 1) 
d ¥ Biss. ae 
+ (3 . z * )s.cosk(@* +r.) | 
| (8) 
where 
Sink Ce on7./ 2.7.) sin k c 6/2 ice eee 
Cas = “sin k (om/27)  csinkd/2 gewubulon 
reduction factor for the kth harmonic. (9) 


If the complete phase is made up of g phase groups 
connected in series, but unsymmetrically arranged and 
with a different number of coils per group (as in the 
ease of fractional slots/pole/phase) then the phase 
voltage is, by the method of summation given in 
Appendix II. 


Bins oe “108 aS C ax’ Ors Cuk 


_%o TW 


Pt sink ( "+ ye + vs") 


* VB. cos k (= 


ad 5 T ! | 
+ ( dt a T ) 
(11) 

where 


Ca! = VA? + B2/N’ = equivalent Hes bation fac- 
tor of the phase, for the kth harmonic 


y,’ = tan- (B,/Ax) = displacement angle of the kth 


harmonic in the phase voltage (13) 
qg , 
A, = ileN Cal, cos k 0,’ (14) 
ih 
Ot : 
B, = 33 [¢ N Carlo sin k 0," (15) 
1 
q 
No = ~ [c N], = total number of turns in the phase 
7 (16) 
0,’ = position of the midpoint of phase group g in 


electrical radians reckoned from the reference 
point on the armature. If all groups are 
alike, and displaced by multiples of 2 7, then 
Ca,’ reduces to Caz. 

Two or more phases may be connected in series, 
either additive or subtractive, to form the line voltage. 
If the displacement angles of the n phases as connected 
in series are (01, 02. . . 0,) the total line voltage is, by 
the method of summation in Appendix II. 
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Eine = — Te a 
Te 108 
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CRO Cede 
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1 dB, 
Kode 


+(GE+ Sere oe 7) Be 


sin k ( er se ees. 


+¥e) | 


(17) 

where 
Cu = 2—[(Zeosk 0.) + +(Zsink 6.) |= con 
nection reduction factor for the kth harmonic 
(18) 
y, = tan fe sin k 6 ve > cos k 6 )| = displace- 


ment angle for the kth harmonic (19) 

If the m phases are displaced by the same amount ¢ 

from adjacent phases, Equations (18) and (19) reduce, 
as shown in Appendix II, to 


_ sinkn¢/2 
BO Sec ctiyF e/2 ao 
—1 
w= k(“Z—)s (21) 


Equation (17) is the most general equation for the 
induced voltage of electrical machines, if xo, 8x, and Yx 
are perfectly arbitrary functions of time. Its applica- 
tion to the special cases of the more ordinary types of 
electrical machines is discussed in the main body 
of the paper. 


Appendix II 


THE DISTRIBUTION SUMMATIONS 
In the harmonic analysis of electrical machines it is 
repeatedly necessary to find the sum of certain finite 
trigonometric series.. Those required in this paper are 


given below. 
n—1 
Since fe ee Lobo? P26 = ao aie ame > 
r=0 
(1) 
it follows, upon replacing ¢€ +/% by z, that 
nm =) n—1 
ie tre) —— etre) 
> sin («+r a) = > So 
r=0 r=0 J 
Par 1 —¢ —ine oS ey ear ? 
SOR (sie ye Qin is) 


— ¢ie—e) + ei(x+na—a) _ ¢j(x+na) — e€ —3% 
+ ei tea) — €—s(etna) +4 € —5(% +na — a) | 
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_ sin z—sin(@a—a)+sin («+n a—a)—sin (4+n @) 
e 2 (1 — cos a) 


2 sin a/2 cos (2x%— a)/2 


_ —2sina/2.cos (2% +2na— a)/2 
> 4 sin? a/2 
_ cos (2% — a)/2— cos 2e#—-a+t2na)/2 
F 2 sin a/2 * 
PSN. 2 a eae 
ana 2 sin(2+"5—a) ©) 
Replacing (a) by (— @) gives 
n—l 
: AOrSinia sani neal 
Di sin ra) = “ana (2 5 ox) (3) 
Replacing (x) by (« + 90 deg.) gives 
n=l 
_ sin n a/2 Do tl 
Di 00s (@ +70) = aaa cos (2 + 5) a ) 
(4) 
n—1 
_ sinna/2 ia Seer | 
Di 008 (er) = Sea cos ( x 5 a ) 
(5) 


The more general sums, in which the angles do not 
differ by a regular amount, and in which different 
amplitudes are involved, are found as follows: 


By the symbolic operators of complex notation: 
> F,=> E, & =% E, cos 6,47 XL E, sin 0,=Ey e% 


(6) 
where 
Ey =~ (2E, cos 6,)? +.(2 E, sin 0,)? (7) 
D) Be citso ae 
G7. Re chy Sm oop ORM “i 
Or transforming to trigonometric notation 
XE, sin (« + 0.) = Hy sin (x + 60) (9) 
2 Ecos (« + 0,) = Ey cos (& + 4) (10) 


If HE, = BE, =... =H, =F and -0,—7 a then 
(7) and (8) reduce to (2) and (9) as follows: 


et eet ras So 
B= w| ( Dyoowee ct (Dyanen! 
0 0 


sin n a/2 
7 sin a/2 
n—1 2 - n—-l 2 
\ (28 5 a) +(sn*3— a) 
sin n a/2 
sin a/2 
n—1 


6, = tan ( tan a) =e 


2 


. 


BEWLEY: INDUCED VOLTAGE OF ELECTRICAL MACHINES Transactions A. I. E. E. 


A Cathode Ray Oscillograph with Norinder 
Relay 


Its Design and Application 
BY 0. ACKERMANN* 


Associate, A, I. E. E. 


Synopsis.—The paper describes the Norinder cathode ray 
oscillograph as used in lightning investigations on transmission 
lines in 1928. It then describes a new model of a cathode ray os- 
cillograph developed for the expansion of field and laboratory tests in 
1929. One of the novel: features of this modified instrument is the 
steel housing. 

A circuit is shown for obtaining a unidirectional time axis on the 
oscillograms, in which the timing movement is started by an impulse 
from the surge to be measured. 


N its thirty-two years of development! the cathode 
oscillograph has gradually outgrown the status of a 
delicate instrument nursed along in a few scientific 

laboratories, to become a measuring tool useful in many 
branches of electrical and even mechanical engineering. 
One easily recognizes this fact when glancing over the 
electrotechnical literature of the last five years which, to 
the writer’s knowledge, contains about 60 papers on the 
design of cathode ray oscillographs and on their applica- 
tions, covering the fields of transformer design, choke 
coils, lightning arresters, insulation, transmission line 
characteristics, corona and hysteresis losses, the study of 
lightning and many other problems. Numerous types 
of instruments have been developed, constantly in- 
creasing their range of application. 


At first only recurrent phenomena could be Tmesedned: 
later, single transients of very short duration were 
recorded successfully, provided they could be initiated 
at will in the proper relation to the oscillograph control 
circuit, and finally surges entirely removed from our 
control, especially lightning surges, have been brought 
into the measuring range of the instrument. 


The later problem has its particular difficulties. 
The oscillograph must be kept ready to record, perhaps 
for an hour or more, because lightning disturbances are 
sometimes long in coming. Hence, although the film 
shutter must be kept open, the film must be protected 
from the main cathode beam and its stray radiation 
until the surge arrives. If this were not done, the rays 
would blacken the photographic layer in a fraction of a 
second. Then, when the surge has recorded itself and 
passed on, the film must again be shielded from the 
beam. All this must be accomplished with delays no 
greater than a fraction of a millionth of a second. 


*Westinghouse Electric & Manufacturing Co., Hast Pittsburgh, 
pace. ore 

1. First account by F. Braun, Annalen der Physik, 1897, 
Vol. 60, p. 552. 

Presented at the Winter Convention of the A. I. E. Hi New York, 
N. Y., January 27-31,1930. 


In the appendix a simple and concise formula for the sensitivity 
of a cathode ray oscillograph is developed. This has been derived by 
Mr. Lewis R. Smith and takes into account the change of the mass of 
the electron at speeds approaching that of light. 

At the frequently used cathode voltage of 60 kv., this phenomenon 
already causes a deviation of 5 per cent from the value which would 
be expected otherwise. 


This problem has been given increasing attention in the 
last few years. Its solution has been attempted in two 
principal ways: 

In the first method, the electron jet does not exist 
during the waiting time, but the instrument is in readi- 
ness to generate the cathode beam quickly and to pro- 
ject it on the film, these actions being released by a 
voltage impulse from the arriving surge.” 

In the second method, the cathode ray beam is kept 


Fig. 1—NorinvER CatHopkE Ray OsciLLoGRAPH 


established in the instrument in its normal strength, but 
is prevented from striking the photographic layer until a 
voltage change on certain deflection plates allows the 
electron jet to enter the recording part of the instrument 
through a diaphram. 

This change of voltage at the beam blocking device 
which is a part of the oscillograph itself, is brought 
about either by an external relay which is tripped by the 


2. .K.B. McEachron, R. H. George; P. Spornand W. L. Lloyd, 
see Bibliography. 
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first impact of the surge to be measured’ or by direct 
action of the surge on the oscillograph without any 
intermediate circuit except for the potential divider. 
Dr. Norinder has solved the problem by the latter 
means. His instrument is shown in Fig. 1. 


The internal construction is shown diagrammatically 


seven Cathode 


Transmission Line 


50 Kv 


Anode 


Diaphragm 


Fig. 2—Di1aaram or NorinperR CatHopet Ray OSciLLOGRAPH 


in Fig.2. With no voltage on the upper set of deflection 
plates, the electron jet coming through the anode open- 
ing follows a straight path along the axis of the instru- 
ment, but is stopped by a narrow bar of conducting 
material, the target. . Yet, some stray rays are always 
passing by the target. They would blacken the photo- 
graphic film in a very short time if they were not inter- 
cepted by the diaphram which has a hole of about 14 
in. diameter in its center. The system of plates between 
target and diaphram is connected to the top plates and 
is dimensioned so that the main beam after it is de- 
flected past the target by a voltage impressed upon the 
upper pair of plates is bent back and directed through 
the hole in the diaphram. Its deflection is propor- 
tional to the voltage applied. The two long inner plates 
directly underneath the target could be omitted without 
affecting the working principle of the system, but their 
presence more than doubles the field gradient which 
would exist if the two outer plates were used alone. 
This permits a considerable reduction of the instru- 
ment’s length. 

A set of concentration coils is placed at the dia- 
phram. Electrons, traveling through their magnetic 
field and deviating from its direction are forced on a 
spiral path which under certain conditions results in a 


3. D. Gabor, W. Rogowski and Wolff, W. Krug, see 
Bibliography. 
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sharp focusing of the cathode beam on the observa- 
tion screen or the photographic film. 

The concentrating effect of a magnetic field usually is 
explained for the case where the axis of the electron jet is 
parallel to that of the magnetic field. Yet, it can easily 
be proved, that this action also takes place when the 
beam crosses the field at an angle. And this, it will be 
noticed from Fig. 2, is the case in the Norinder oscillo- 
graph. Under this condition, the beam is not only 
concentrated, but it is also deflected from its original 
path in a spiral curve. This motion has the same effect 
as if the vertical plane in which the voltage deflection 
takes place were swung through a certain angle while 
the beam travels through the magnetic field. In other 
words, the axis of the voltage deflection is twisted by the 
passage of the beam through the concentration coil field. 
Now, the timing plates must be arranged so that they 
deflect the beam perpendicularly to the plane of its 
voltage deflection. 

The latter however twists, as explained above, and 
therefore the timing plates also must be rotated with 
respect to the voltage plates. This is accomplished by 
means of a conical joint and a set of gears from outside 
the instrument while the angle between the coordinates 
is observed on the fluorescent screen. 

The photographic film is mounted on a drum of 5 in. 
diameter which can be rotated as fast as 7200 rev. per. 
min. The oscillogram of a switching surge (Fig. 3) is 
taken with this mechanical timing movement. 

Yet, for most purposes in which cathode ray oscillo- 
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graphs are used this speed is too slow. Therefore, under 
normal conditions the film is left stationary whereas the 
cathode ray beam is moved along the time axis by 
means of a voltage which is impressed on the timing 
plates and which changes ata known rate. Subsequent 
sections of the film are exposed by turning the film drum 
by hand. 
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The type of oscillograph described above has been 
used for the lightning investigations on lines of the 
Aluminum Company of America in Tennessee‘ and of 
the Public Service Company of Northern Illinois. 

Our work in 1928 indicated certain desirable modifica- 
tions in the electrical as well as in the mechanical design 
of the instrument. Thus, a new model was developed 
which differed from the first one mainly in the following 
points: 

1. The deflecting system has been divided into two 
sections, a pure cathode beam relay or ray blocking de- 
vice and the recording part of the instrument which can 
be used without the Norinder relay (see Fig. 8). 

2. This first change also has the advantage that now, 
contrary to the first design, the cathode beam traverses 
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the concentration coil field without deviating from its 
axis. This simplifies the mechanical design and the ad- 
justment of the instrument. 

3. By means of a cathode ray filter the fogging of the 
film has been reduced. 

4. The vacuum properties and the mechanical struc- 
ture of the instrument have been improved. 

The progress in this last point was achieved largely by 
following the well established design of mercury arc 
rectifiers. 

The new oscillograph model is shown in Figs. 4 and 5. 
The housing consists of seamless steel tubing and steel 
plates welded together. All flanges are sealed with 
rubber gaskets, 14 in. to 34 in. wide. The bushings are 
made of porcelain and soldered to the steel housing by 
means of a special process (Fig. 6). 

To the best of the writer’s knowledge, previous os- 


4. Fortescue, Atherton, Cox, A. I. E. E., April 1929. 
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cillographs, at least those in general use, have been made 
of bronze castings, seamless brass or copper tubes, sheet 
brass or even forged pieces, soldered or brazed together. 
The difficulties of getting such structures air tight are 


Fig. 5—WESTINGHOUSE CaTHODE Ray OSCILLOGRAPH WITH 
NorinDER RELAY 


well known to workers on vacuum devices. It may 
mean days and weeks of tedious work to locate leaks on 
the evacuated vessel. A welded steel case can be made 


Fig. 6—Oscr~LtoGrapH PorceLaIn BusHING 


5. Monel cone 
6. Contact spring 
Solder 7. Voltage terminal 
. Brass core 8. Ground terminal 
9. Clip connected to either voltage or ground terminal 


. Steel housing 
. Porcelain bushing 


airtight more easily in the first place, and moreover it is 
strong enough to withstand high inside air pressure 
which may be used to disclose leaks in the vessel when 
submerged in water or coated with soapy water. 
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Ill effects on the cathode beam from possible mag- 
netic sources in the steel housings have not been 
noticed. 

Lapped joints at doors and flanges, a delicate and 
expensive feature in most oscillographs, have been re- 
placed by rubber gaskets. However, where the trans- 
mission of a continuous rotating motion into the inside 
of the instrument is necessary, conical joints are used as 
shown in the design of a bushing, (Fig. 6) whose stem 
also serves for adjusting the distance of certain deflec- 
tion plates from outside without disturbing the vacuum. 

The plate system is arranged so that the instrument 
is divided into two parts, the recording part and the re- 


1. De 34, 
Parts or CatHope Ray OsciLLoGRAPH— 
DEFLECTING PLATES AND THEIR SUPPORTING STRUCTURES 


Fia. 7—INNER 


1. Upper relay plates 
2. Cathode ray filter and lower relay plates 
3. Adjusting magnet and deflecting plates 


lay tube. The recording part (Fig. 4) can be used in- 
dependently of the relay tube in the same manner as 
other laboratory instruments. It contains two pairs of 
deflecting plates and an electromagnet for shifting the 
zero point. All these parts are assembled on the small 
frame work shown in Fig. 7. 

The plate system of Dr. Norinder’s instrument has 
been modified by the addition of another pair of plates 
whose center coincides with the location of the dia- 
phram aperture in the original design (Fig. 2 and Fig. 
8). Itis arranged and acts symmetrically to the upper- 
most set of plates, thus bending the electron jet back on 
the center line of the instrument. The beam therefore 
passes through the diaphram and the concentration 
field below without any deviation from the axis. It 
then enters the recording part with its two sets of de- 
flecting plates which provide the means for measuring. 
The relay tube merely admits the cathode ray beam into 
the recording part as soon as the voltage on its plates is 
high enough to take the beam off the target. In in- 
struments connected to energized transmission lines the 
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ratio of the potential divider is chosen so that the normal 
line voltage moves the beam back and forth within the 
limits of the target. Yet, slower speed electrons which 
are always present in the beam and which are more 
sensitive, are deflected off the target even by the normal 
line tension. Some of them -would reach the recording 
part and result in a certain amount of fogging on the 
film, if they were not filtered out. A pair of filter 
plates F' (Fig. 8) is inserted at right angles to the other 
relay plates at a suitable place below the target. 
Upon it, a constant d-c. voltage is impressed which de- 
flects the normal speed rays through a fixed angle, given 
by a bend in the relay tube structure. The slower rays 
are deflected through a larger angle and therefore 
thrown off the center line of. the instrument. Only 
comparatively few can pass through the apertures of 
both diaphrams (D; and D.). This removes a very 
pronounced cause of fogging. A fluorescent screen on 
the upper diaphram permits observation of the ad- 
justment of the relay through the upper window shown 


Relay Part 


Recording Part 


Timing Plates 


Fig. 8—Catuops Ray OscintoGraPH with NoRINDER RELAY 
AND CatHopr Ray FILTER 


on Fig. 5. The diaphrams themselves consist of steel 
plates which confine the concentration field almost 
completely to the 5 in. of space between the planes 
D, and D.. For this length, of course, the shell of the 
housing consists of non-magnetic material. About 
550 ampere-turns are required for good concentration 
of the beam on the observation screen or the film, about 
21 inches below. The photographic records are taken 
on ordinary kodak 314 by 51-in., ten-exposure roll 
films or on a special ‘‘process film’’> which gives better 
contrast. 


5. Manufactured by the Hastman Kodak Company. 
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The electron jet is emitted from a “‘cold” cathode, 
formed by an aluminum plug, the applied voltage being 
about 50 kv., which is obtained from a rectifying unit. 
A concentration coil around the anode helps consider- 
ably in focusing the beam upon the target where a 
small cross section electron jet is especially desirable. 
The type of oscillograms obtained with this instru- 
ment is shown in Fig. 9. The record is taken with 
oscillatory timing movement and can be replotted in 
linear scale. With the oscillatory timing movement, a 
comparatively long surge, with all its details brought 
out plainly, can be concentrated on a small piece of film. 
Another advantage of an oscillatory timing scale is, 
that the timing voltage (of a sinusoidal or a zigzag wave 
shape) can be applied permanently, whereas in a single 
unidirectional timing movement the timing voltage 


Fig. 9—LiguHtninG SurcE on 220-Kv. Line 


should be impressed upon the deflecting plates syn- 
chronously with the arrival of the surge which is to be 
measured. Of course, this process must be initiated by 
the arriving transient itself. Several methods for 
accomplishing this are known.* Where we applied a 
unidirectional timing scale in our field tests, we have 
used a method that had been developed in our labora- 
tories.’ (Fig. 10.) 

In this connection, the Norinder relay can be operated 
so that the target shadow at the zero line (Fig. 9) is 
eliminated. The cathode ray beam is deflected from 
the target not by the surge voltage itself, but through 
the voltage E, part of which is impressed upon the relay 
plates as soon as the double gap S breaks down. In the 


6. D. Gabor, Rogowski and Wolff, W. Krug, K. B. 
MeEachron, see Bibliography. . 
7. J.J. Torok and F. D. Fielder, Electric Journal, July 1929. 
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arrangement shown in Fig. 10 only a positive surge can 
trip the relay. Of course, by reversing the terminals of 
the rectifier tube the relay can be made to respond to 
negative surges. Fig. 11 shows the circuit of a relay 
that operates on surges on either polarity. Ordinarily 
the voltage between the middle and either one of the 
outer spheres is 14 E' plus the alternating component 


Transmission Line 


Fig. 10—Crircurr ror Auromatic REcorDING wiTH UNI- 
DIRECTIONAL "Trmina Morion, RESPONDING TO SURGES OF 
OnE POLARITY 


1. Timing plates 2. Relay plates 3. Voltage plates 


induced by the normal line potential. The gaps are set 
for a slightly higher voltage. A surge will cause the 
double gap to break down on the side whose polarity is 
opposite to that of the transient. This throws the full 
voltage E across the other half of the gap so that it 
breaks down immediately afterwards. Now the con- 
denser C, starts to charge through R, and the voltage on 


Transmission Line 


Potential 
Dividers 


Fic. 11—Crrcurr ror Automatic RecorpING wiTH UNI- 
DIRECTIONAL Timinc Morron, RusPponpING TO SURGES OF 
HirHer PoLaRiTy 
1. Timing plates 2. Relay plates 3. Voltage plates 
C,, changing at a known rate, causes the cathode beam 
to move along the timing axis. - At the same time, E 
discharges slowly over R2 which makes the voltage 
across the relay plates decrease so that the cathode 
beam finally returns on the target. This terminates 
the exposure of the film. If the voltage measuring 
plates are connected to the line through a capacity 
potential divider, the time lag of the tripping circuit 
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causes the loss of the beginning of the surge record. The 
delay depends on amplitude and steepness of the im- 
pulse voltage, but it can be kept below 14 microsecond 
if the coupling between the tripping gaps and the line 
is adjusted correctly and if the gaps are well irradiated. 
Where a resistance potential divider with a delaying 
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Fig. 12—Surerus rrom PortasLe LIGHTNING GENERATOR 


A taken with 500 ft. of delaying cable 
B_ taken with 1000 ft. of delaying cable 
The applied cable was No. 16, two-conductor ‘‘Okocord” with 1/16 in. 
lead sheath. Diameter over rubber jacket 0.415 in. 


cable can be used, the complete surge can be recorded as 
shown in Fig. 12.8 

As pointed out above, the Norinder relay, if used in 
connection with unidirectional timing schemes, is not 
operated directly by the surge voltage—which may be of 
either polarity—but by the voltage of a rectifier which 


8. The applied cable was No. ‘16 two-conductor ‘‘Okocord” 
with 1/16 in. lead sheath. Diameter over rubber jacket 0.415 in. 
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is fixed in polarity and amplitude. It, therefore, can 
be considerably simplified and reduced in size as shown 
in Fig. 18. The large target and the short over-all 
length render it a very efficient and easily adjusted ray 
blocking device which permits exposing the films for 
hours without any noticeable fogging effect. 


10 in. 


Anode Target Diaphragm 


Fig. 183—D1aGRraM oF SIMPLIFIED RELAY TUBE 


Appendix 
THE SENSITIVITY OF THE CATHODE RAY OSCILLOGRAPH 
AT HIGH CATHODE VOLTAGES _ 

The deflection y of an electron jet due to a homo- 
geneous electrostatic field is computed usually by 
means of the relation 

ae l 
Y= 9. ap Dee ee ees (1) 
E is the voltage impressed upon the deflection plates 
and V the cathode voltage; the meaning of the other 
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symbols is illustrated in Fig. 14. For most practical 
cases, this formula is accurate enough; yet, at a cathode 
voltage of 60 kv. it already introduces an error of about 
5 per cent because it neglects those relations between 
mass and speed which assume importance at velocities 
approaching that of light. 

Of course, this has long been realized;? but there 
remained the task of putting these relations into a 
simple and concise formula for the sensitivity of a 
cathode ray oscillograph. The problem belongs to the 
domain of the theory of electricity and magnetism and 
of relativity, and as such is accessible only through an 
elaborate system of equations. However, we can 
avoid developing them by accepting one outstanding 


9, MacGregor-Morris and Mines, I. E. E., Vol. 63, p. 1099. 
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conclusion of both these theories, namely, that electro- 
magnetic energy has momentum” or, in the more 
generalized form of Einstein’s theory, that energy in 
any form has inertia or mass. And both these theories 
agree in the postulation that the mass ascribed to the 
energy W must be 


W 1011 
Ce 


m = (2) 
where c is the speed of light. 

In the case of an electron, the kinetic energy im- 
parted to it by the cathode voltage is equivalent to an 


sishant? 


Fig. 15—WestincHousEe CarHopE Ray OscILLOGRAPH WITH 
Reway TusBe or Fia. 13 


increase in mass dm over the mass mp of the particle 
at rest: 

dme=dw 
On the other hand, this increase in energy d W is due 
to the force F of the electrostatic field, accelerating the 
electron along the distance » d t, where v is the speed of 
the electron: 

dWw=Fodt (4) 

The force F, again, we determine as the change of 
momentum with respect to time: 


d (mv) 


te emer (5) 


Eliminating d W and F from Equation (4) we obtain 
edm =vd (mv) (6) 


—a(m—) 


or 


(7) 


dm = 


from which, 


10. J.H. Jeans, ‘Electricity and Magnetism.” 
11. P. Lenard and A. Becker, ‘‘Kathodenstrahlen, Handbuch 
der Experimental Physik.” 
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() am +m —-d(——)=dm ©) 


and by integration 
K 


Nees): 


with K as the constant of integration., If vis zero, the 


(9) 


mass is that of the particle at rest, m . Therefore 
K =™. So we arrive at the equation 
Mo 


2 
Leet (aoe 
Spas Ae) 
On the other hand, the mass of a particle in motion 
can be expressed by the relation 


Ww 


T= Hes oe ah (11) 


WwW 
where mare according to Equation (2) represents the 


increase in mass due to the kinetic energy acquired. 

In the case of an electron jet, the kinetic energy of the 
electron which has traveled from cathode to anode and 
then has passed through the anode hole, is equal to the 
product of the potential difference V between cathode 
and anode, and the charge e of the particle. W = Ve. 

Thus, from Equations (10) and (11) we derive the 
relation 


ee J 12 
¢ ¢ 
from which we obtain the equations 
2 1 
J1-(4)-———_ 
e V +1 
Cc Mo 
and 
Sh e 
genes ee ae 2 (14) 
v= [rea = V1 
Mo 1 V AES 4 1 y 
C Mo 


This v represents the speed of an electron in the 
cathode ray beam after it has left the anode. We now 
call it v; When traveling through the electrostatic 
field of a pair of deflection plates, the electron also 
obtains a speed component v2 perpendicular to its 
original direction, as shown in Fig. 14. 


E: (15) 


V1 


= Tan a 


where t g a is the same term as applied in Equation (1). 
For the rigid calculation of v, we would have to go 
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through the same kind of considerations which led to 
the exact determination of 7;. However, on account 
of the comparatively small value of v2, the deflection 
attained changes the absolute speed and the mass of 
the electron only very little from the values it had when 
leaving the anode. Therefore, we can calculate 2. 
according to the rules of ordinary mechanics as produced 


ae, 


(16) 


by a force on a constant mass of the value ————— 


V=at= 
2 1 


where a is the acceleration and ¢ the time in which the 
electron traverses the field of the length J. 
The acceleration in the direction of this field is pro- 


E 
duced by the force na 


eet 
candi d 


Dare: 


mos Eee aS 17 
OS egnsag eee (17) 
and therefore 
ee 
On ; Mo 


apres) 


From Equations (13), (14), and (18) we now obtain the 
relation of Equation (15) in a new form: 


Vv, = (18) 


B Vieac 
“Un (19) 


; BU: 
a — d 


Now, the ratio between the charge e and the mass mo 
of the electron is 


= 1.765 x 10’ electromagnetic units. 


Mo 


and = 8 xX 10" em. sec.1. 


If V is measured in volts, the value of ¢ in 


electromagnetic units must be multiplied by 10-*. 
Therefore 


fas Bede V + 5.1 «105 
tan jm Tapia Syrae Toe ede a Ce? 
or for E and V in kilovolts. 
a a ae V+ 510 
[an or Mags. Veen ae 
V+ 510 


For small values of V, the term V+ 1020 becomes 
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1 
we and so Equation (21) conforms with Equation (1). 
eae 
For a ¢athode voltage of 60 kv. the above fraction at- 


: i 
tains the value of 1.895 ° 


This effect can very well be demonstrated with the 
instrument described in this paper. Thus we are 
brought in direct contact with the realm of the theory 
of relativity through an apparatus which, on the other 
hand, is to serve ordinary engineering purposes. 
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Discussion 
E. S. Lee: The paper by Mr. Ackermann describes a cathode 
ray oscillograph with Norinder relay. The oscillograph is of 
the Dufour type in which a stream of electrons from a cold 
cathode at high voltage strikes a photographic film to record the 
phenomenon under observation. For cases where the occurrence 
of the phenomenon cannot be controlled, such as in measurements ; 
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of lightning wherein the lightning flash comes without warning, 
the Norinder relay may be added to. the oscillograph to prevent 
the electron stream from striking the film until the phenomenon 
oceurs. This scheme was referred to by Dr. Harald Norinder 
two years ago (see A. I. E. E. Trans., Vol. 47, p. 446) and was 
described a year ago by Messrs. Fortescue, Atherton, and Cox 
(A. 1. E. KE. Trans., Vol. 48, p. 451). 

While the scheme suggested by Dr. Norinder is most interest- 
ing, it is not at all necessary for such measurements, as results 
ean be obtained equally well with a simple oscillograph of the 
Dufour type using an external circuit for establishing the cathode 
ray stream. The first surge voltage due to natural lightning 
recorded in this country, reported from this platform a year ago 
(A. I. E. E. Trans., Vol. 48, p. 445), was thus obtained as were 
more than one hundred other similar records reported at this 
convention. 

The type of oscillogram obtained with the cathode ray oscillo- 
graph with Norinder relay is shown in Fig. 9. It is quite gen- 
erally conceded that records of this form are not as satisfying as 
those obtained directly in rectangular coordinates. To obtain 
these with the Norinder relay requires an additional external 
circuit as shown in Figs. 10 and 11. 

It thus appears that since records can be obtained with an 
oscillograph of the Dufour type with an external circuit to com- 
pare with those obtained with an oscillograph of the Dufour 
type with a Norinder relay and an external circuit, the Norinder 
relay is not necessary. 

E. J. Wade: There is one question which Mr. Ackermann 
did not mention which I think may give some difficulty in the 
operation of this oscillograph. This is in connection with the 
cathode. Where the voltage is maintained for a long period it 
would seem that trouble might be experienced due to liberation 
of gas in the tube due to bombardment by cathode rays. In 
our experience in the laboratory we do not excite the cathodes 
except for brief periods. We are able to take at least 1000 
oscillograms before we have to replace the cathodes. But due to 
the very short time which it is excited the integrated life is only 
about five seconds. Mr. Ackermann must of course obtain 
very much longer life than that. Possibly the reason for the 
much shorter life that we find, is that we apply about 100 kv. to 
the cathode rays rather than I think 50, as he stated in his paper. 

In Fig. 12 of Mr. Ackermann’s paper in which he shows the use 
of the cable for delaying the surge, it seems that it should be 1000 
ft. of cable rather than 100 ft.; otherwise the delay is not con- 
sistent with the length of cable. 

In the three-electrode triple gap scheme which was shown on 
the slide, the middle electrode was connected to the ground. 
This scheme would not work correctly for surges of both polarity. 
It would only work for one polarity. As we used the scheme, 
this middle electrode was held at one-half of the potential of the 
cathode. 

Incidentally, I might mention that this circuit is covered by a 
U.S. Patent, 1,738,464. 

E. F. W. Beck: After Mr. Lee’s forceful and critical dis- 
cussion, I rather hesitate to say very much, but I should like 
to point out that my colleague, Mr. Cox, and I, have prepared a 
paper on the cathode ray oscillograph study transmission lines. 
In this paper we discuss the relative advantages and disadvan- 
tages of the oscillatory and the linear time scale, and we have 
endeavored to show in this paper why we use one or the other. 
We believe the oscillatory time scale has certain advantages, 
particularly in the early work with the duration of transient to an 
are which we have known. 

I should like to point out that with the use of this Norinder 
relay the record starts immediately when the transit voltage 
exceeds the linear voltage. 


O. Ackermann: Mr. Lee asks me to show the advantage of 
an oscillograph with Norinder relay used in connection with a 
circuit for automatic starting and unidirectional timing move- 
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ment as compared with a Dufour oscillograph with external 
initiating circuit. 

It may be difficult to see the advantage unless you have had 
operating experience with both schemes. We have been using 
the Dufour oscillograph with external initiating circuit (triple 
gap scheme) in the laboratory for many years. Irefer to a paper 
by Messrs. Harrington and Opsahl in the Electric Journal in 
1927. We know that it is difficult to operate an oscillograph 
with a triple gap scheme. The circuit is very sensitive, if not 
capricious, because it depends on the operation of a high-voltage 
spark-gap. You realize this especially if you want to run a 
number of oscillographs of this type for which you must find 
suitable operators. 


An oscillograph with Norinder relay is much easier to operate. 
It is therefore much less difficult to find capable operators for 
this type of instrument. There is a steady cathode ray beam 
which can be adjusted conveniently to the best concentration. 
You can try it on 60-cycle recurrent phenomena and so even a 
less skilled operator is able to do the job. This is a considerable 
advantage if you have to find the personnel for a larger number 
of instruments. 


As to the building material for cathode ray oscillographs 
housings, we have built oscillographs out of copper tubes, brass 
tubes, and castings. Once the housing has left the shop and is 
pronounced air tight, it is air tight, no matter what kind of a 
material is used. But if it is necessary to produce a half dozen 
oscillographs for a lightning season and for laboratory experi- 
ments in a short time, then we must rely on the shop force to 
produce the instruments air tight without much delay. In such 
a case we naturally choose a method which the shop is familiar 
with, and that is the air tight are welding. I do not say that the 
oscillograph with a steel housing is better in use, but it surely is 
much easier made. That has been proved by our own experience. 
In other companies with different shop facilities this may not be 
true, but in the Westinghouse Company it has worked out best 
in this way. 

The question has been raised as to what accessory apparatus 
is needed for a cathode ray oscillograph. Mr. Lee mentioned 
our Fig. 4. There we have a switchboard, an oscillator, a high- 
voltage rectifier, but the largest part of the room is occupied by a 
surge generator in the rear. 

In connection with Fig. 12 the question has been brought up as 
to why we use a delaying cable when experimenting with the 
surge generator. 

First of all I want to call to your attention that in these experi- 
ments we use the same automatic oscillograph circuit as applied 
for lightning records,—that is, there is no control connection 
between oscillograph and surge generator circuit. Work with the 
surge generator is always done on de-energized lines, and there- 
fore we can conveniently use a resistance potentiometer into 
which a delaying cable can be inserted without difficulty. The 
purpose of the delaying cable is to start the voltage deflection a 
short interval after the timing movement has begun. 

Mr. Wade asks how we can keep the cathode tube energized 
continuously without being troubled with the liberation of gases 
and burning of the cathode. By means of a leak valve we can 
regulate the constant flow of a small amount of air into the 
oscillograph. This has a cleaning effect and the valve can easily © 


-be adjusted so that a balance between the liberated gases, the 


flow of fresh air, and the pump capacity is reached. The’ burning 
of the cathode plug is very slight even after a full day’s operation. 
Apparently the cathode current under permanently applied 
cathode voltage need not be as high as for short time excitation. 
This is partly due to the fact that a steady beam can easily be 
adjusted for best efficiency. After all, it is not difficult to ex- 
change the cathode plug about once every second day. 

I think this answers the major questions which have been 
brought up in connection with my paper. 


Submarine Telegraphy 
in the Post-War Decade 
BY I. 8S. COGGESHALL* 


Non-member 


Synopsis.—T he post-war decade, which has given to the technique 
of the submarine telegraph both the regenerative repeater and the 
inductively loaded-cable, deserves to be chronicled as one of the most 
significant periods in the history of the cable art. These two major 
developments and some important corollary inventions and applica- 
tions are discussed in this paper. Reference is made to articles pre- 
viously published describing recent developments at length. In 
addition the paper contains descriptions of: 

A two-element cable recorder code adapted to land-line trans- 
mission. 


HISTORICAL NOTES 


RIOR to the year 1918, transatlantic cables were 
P worked sectionally by manual relay; that is, 
cablegrams were recorded and re-sent at various 
cable stations between New York and London, involv- 
ing transcription by operators in Nova Scotia, New- 
foundland, Ireland, or Cornwall, and sometimes at all 
four points. This procedure was expensive, but not 
necessarily slow because an operating technique, suc- 
cinctly described as “‘sending under the siphon,” had 
cut down the time delay at each transmission point to 
a few seconds. : 
The year 1918 saw the first successful American at- 
- tempts to repeater one long cable section into another, 
the result having been made possible by improvements 
in relays, shaping networks, and magnifiers. These 
early experiments resulted in a decrease of the speed of 
working the long sections, because of the necessity, 
under conditions of electrical relay operation, for the 
mechanically pivoted contacting element to take up a 
definite position at every change of polarity, whereas in 
siphon operation the operators had become accustomed 
to read signals which often did not approach or cross 
the zero line.1 A Newfoundland-Ireland cable with 
capacity-resistance parameter of 2.43 ohm-farads was 
operated sectionally, duplex, during the latter part of 
the war, at 9.9 cycles per second, three-element signals, 
(320 letters per minute, recorder code); the same cable 
with electrical relay at Newfoundland worked through 
from Ireland to Nova Scotia at 8.8 cycles per second 
(285 letters per minute); this remains to-day the letter- 
capacity of that cable in each direction, but the re- 


generative repeater has made it possible to secure this. 


speed through from New York to London. 
In spite of the relatively high-speed sectional opera- 


*General Traffic Supervisor, Western Union Telegraph Co., 
New York, N. Y. 

1. See Appendix, Section 5. 

Presented at the Winter Convention of the A. I. EB. E., New York, 
N.Y ., Jan. 27-31, 1930. 


A three-element Wheatstone code adapted to cable transmission. 

A cable printer system using a two-element code of practically the 
same time length as three-element recorder code. 

A typical installation of Pernot superimposed cable carrier 
apparatus. 

A brief account of the steps which have been taken to balance an 
inductively loaded duplex cable. 

An appendix to the paper comprises a discussion of certain vari- 


ables which affect the traffic capacity of cables. 
* * * * * 


tion maintained during the war and immediately 
thereafter, the combined facilities of all cable companies 
were not sufficient adequately to care for the traffic 
which was offered. There was difficulty in having deep- 
sea repairs made owing to the necessity of convoying 
cable ships. Sectional operation and military censor- 
ship threw a great burden of service traffic upon the 
cables, with the result that the congestion was some- 
times so great that it could not be cleared overnight. 
The traffic incident to the war and later to the negotia- 
tions for peace overwhelmed the cable plant and served 
to focus attention upon the military and economic 
importance of adequate overseas communications. 

By way of contrast with the conditions of ten years 
ago, it is interesting to note that due largely to technical 
improvements ‘in operation and to an increase of cable 
facilities, the transatlantic cable plant is now running 
practically ‘clear’ from 9 p. m., New York time, until 
the opening of business the following morning, and that 
prior to 9 p. m. the load handled is about 40 per cent 
greater than the war time load. Despite the general 
use by the public of low rate deferred services which 
have cut the average cost per word from New York to 
London from $0.25 to $0.152, with a minimum of $0.03, 
the cable daily load factor has dropped from 100 per 
cent to 50 per cent. The developments of the last few 
years have therefore not only met immediate demands 
for cable traffic capacity but have opened opportunity 
for future development without additional plant cost. 

An analysis of the factors which may be thought of as 
having given impetus to the unprecedented technical 
expansion of the decade just ended gives first place to 
the success with which automatic apparatus was 
adapted to landline telegraphs in the preceding decade; 
second, to a wide dissemination among engineers of 
transmission principles, epitomized in the ‘‘telegraph 
equation” and popularized by writers like Mal- 
com’s and third, to an economic urge produced by 


2. “Theory of the Submarine Telegraph and Telephone 
Cable,” by H. W. Maleom, Benn Bros., London, 1917. 
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transoceanic radio competition with its threat to super- 
sede cable telegraphy unless the costsof maintaining the 
older form of communication were substantially reduced. 
To survey the accomplishments of the period under 
consideration in proper perspective necessitates the 
selection of the more important developments. ‘These 
were, in order of importance of results; the regenerative 
repeater, the inductively loaded cable, the cable printer, 
and a number of others grouped below as miscellany. 


REGENERATIVE REPEATERS 


The regenerative repeater is a device for picking up 
the least distorted portion of successive unit signal 
impulses as they arrive over a circuit, and for utilizing 
their respective polarities to control the formation of 
completely regenerated signals to be passed into another 
circuit. The application of regenerative repeaters to 
cable systems is an achievement of the post-war decade. 

In practise, tuning forks vibrating in synchronism at 
the opposite ends of a cable section form the basis of 
regenerative repeater systems. The frequency of 
vibration of the forks usually bears some integral ratio 
to the primary signaling frequency, f. (f is the fre- 
quency which is produced by an unbroken succession 
of unit signal impulses of opposite polarities.) Thus, a 
fork at Penzance, England, vibrating at frequency 5 f, 
may drive a multipolar synchronous motor at a constant 
speed such that the transmitter, which is geared to the 
motor, will send square-topped alternating current into 
the transatlantic section at frequency f. At Bay 
Roberts, Newfoundland, a fork vibrating at frequency 
2f may be so phased with respect to the incoming 
signals that a contact on the tine will, in effect, be 
applied to the cable in the middle, or best portion, of 
the received unit impulses. The polarity of the in- 
coming impulse at the instant the tine makes contact 
will be locked up through suitable circuits for the full 
duration of a unit impulse, and will determine the 
polarity of a ‘regenerated’ impulse to be transmitted 
into the next section of line. The fork repeater’ is the 
simplest of the regenerators and during the past few 
years has found extensive application in cable work. 


The design of constant frequency forks has naturally 
received much attention. Since the modulus of elastic- 
ity varies with temperature, constant temperature 
chambers in which forks are placed‘ have been designed. 
Practically all forks at the present time are magnetically 
impelled, some through circuits set up by tine contacts,’ 
others by external circuits containing oscillating vacuum 
tubes.‘ Most forks are weight loaded; fine variations 
in frequency are secured by adjustable weights’ or 


3. Printing Telegraphs on Non-Loaded Ocean Cables, by 
Herbert Angel, A. I. E. E. Trans., Vol. XLVI, 1927, p. 884. 

4. Western Electric installation of constant temperature fork 
chambers, thermostatically controlled; tube-driven forks; New 
York-Emden cable. 

5. Printing Telegraph Systems, by J. H. Bell, Ame ine Brew Ey, 
Trans., Vol. 39, Part 1, 1920. 
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adjustable magnetic loading on the tines.6 The fork 
used by the Eastern Telegraph Company has a magnetic 
loading which is alternately applied and removed, as 
determined by the relationship of the rotation of a 
synchronous motor, driven by the fork, to the move- 
ment of the pendulum of a fine clock; the fork frequency 
varies between narrow limits from second to second 
but integrates over a period of a minute or a week with 
an accuracy as great as that of the timepiece itself. 

To maintain two forks on a 240-letters per minute 
cable in absolute synchronism for 8 hours would require 
of each fork a degree of accuracy such that the variation 
would not exceed one part in 1,500,000. This is not 
practically attainable at present, so all fork regenerative 
systems employ some method of correction of fork 
speed. Several different systems take advantage of the 
fact that frequency varies slightly with amplitude of 
fork vibration, and that amplitude is readily controlled 
by magnetically loading the fork. The instant of 
reversal of polarity of incoming current forms a con- 
venient datum point to which the action of the receiving 
fork is referred; if the phase of the receiving fork leads 
the incoming signal, a circuit is set up which dampens 
the vibration of the fork; this in turn will result in a lag 
of the fork behind the incoming signal, causing the 
setting up of a circuit which will increase speed. The 
fork is therefore always kept in phase, within narrow 
limits. 

At times it is advantageous to arrange a receiving 
fork to drive a synchronous motor at constant frequency 
and to handle the received currents through brushes 
mounted on the motor shaft, thence through segments 
forming the “rings” of a distributor.* If the motor has 
a speed of f/2 revolutions per second, one unit signal 
impulse will cover 90 deg. of rotation of the wheel. 
Such an arrangement is called a rotary regenerative 
repeater.- The pick-up and lock-up principles do not 
differ radically from those employed with the fork 
regenerator.? Correction usually takes the form of a 
ratchet® or differential-gear? mechanism: interposed in 
the discontinuous shaft by means of which the syn- 
chronous motor drives the brushes. 

The signals which compose the letters of cable re- 
corder code are called three-element signals because 
they contain impulses of positive, negative, and zero 
(earthed) potentials. Regenerators repeat three-ele- 
ment signals from cable to cable perfectly, but where 
landlines are involved the zero potential is not con- 
veniently handled on account of the high level of 
induced currents encountered. In 1926 the Western 
Union first joined three-element cables to two-element 
landlines through a modified rotary repeater, and since 
then this system has afforded great flexibility in making 


6. A Non-Rotary Regenerative Telegraph Repeater, by ADE; 
Connery, A. I. E. E. Trans., Vol. XLVI, 1927, p. 897. 
“7. “Automatic Printing Equipment for Long Loaded Sub- 
marine Telegraph Cables,” by A. A. Clokey, Bell System Tech. Jl., 
Vol. VI, July 1927, p. 402. 
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up through cable-landline circuits. The modified rotary 
repeater’ makes use of the fact that if the limiting 
frequency of a cable section is f, the landline to which 
it is connected can almost always be worked without 
difficulty at 2f. Consequently the three-element 
signals may be converted after regeneration into two- 
element signals of half-unit length; the recorder “‘dot”’ 
becomes plus, minus; the dash becomes plus, plus; and 
the letter-space becomes minus, minus. The cable 
signal for letter. ‘‘A,” (dot, dash, space), regenerated 
from the cable at frequency f, is thus retransmitted to 
the landline as plus, minus, plus, plus, minus, minus, at 
frequency 2f. This signal can be repeatered through 
any standard landline repeater. At the terminal the 
signal is ‘‘unscrambled” by means of a fork running at 
frequency 4 f and suitable relay circuits, and is read by 
the operator as ordinary three-element cable recorder 
code. 

A recent adaptation of the above arrangement makes 
it possible to send Wheatstone code through cables at 
double the ordinary speed.? The Wheatstone two- 
element code averages 9.27 impulses per letter,!° com- 
pared with recorder code, 3.71. An examination of 
Wheatstone as punched on a standard perforator shows 
that successions of center-holes may be divided into 
pairs containing only the three combinations: plus, 
plus; minus, minus; plus, minus. This suggests the 
reversal of the process just described. Wheatstone 
two-element signals, received from a landline at fre- 
quency f are retransmitted after regeneration into a 
cable as three-element signals of frequency f/2. The 
code on the cable therefore averages only 4.63 impulses 
per letter, which is more nearly comparable in efficiency 
with the recorder average of 3.71. At the cable terminal 
the code may be reconverted into Wheatstone and can 
be read by ear or recorded by Creed system if desired. 

An example of the application of the rotary regenera- 
tor to a circuit employing cable recorder code is afforded 
by the Western Union’s present direct New York- 
Berlin circuit, composed as follows: From Berlin to 
Emden, aerial landline, earthed, three-element. At 
Emden, a three-element repeater with no regeneration. 
From Emden to London, submarine four-conductor 
cable, earthed three-element circuit. At London, three- 
element rotary regenerative repeater. From London to 
Penzance, underground cable, metallic three-element 
circuit. At Penzance, three-element rotary regenera- 
tive repeater. From Penzance, England, to Bay 
Roberts, Newfoundland, earthed three-element sub- 
marine cable. At Bay Roberts, three-element rotary 
regenerator. From Bay Roberts to Hearts Content, 
Newfoundland, aerial landline, three-element. At 
Hearts Content, three-element repeater, no regenera- 
tion westward. From Hearts Content to North Sydney, 
N. S., submarine cable, three-element, superimposed 

8. C.F. Nelson, U.S. Patent, 1927. 


9. C.F. Nelson, U.S. Patent, 1929. 
10. See Appendix, Section 6, Table I. 
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carrier, Pernot system. At North Sydney, three- 
element to two-element fork regenerator, (variant). 
From North Sydney to New York, aerial landline, two- 
element, with repeaters at New Glasgow, N. S., St. 
John, N. B., Bangor, Me., and Boston, Mass., earthed 
all the way but operated in conjunction with simplex 
telephone from North Sydney to Vanceboro, Me. 

The regenerator has had several marked effects upon 
the fortunes of all the cable companies. First, it has 
resulted in labor savings at repeater stations of the 
order of 70 per cent of the total staff in attendance. 
Second, it has met the challenge of the transoceanic 
radio for “direct’’ connections. New York is now elec- 
trically connected by the cables of various companies 
with London, Liverpool, Irish Free State, Emden, 
Berlin, Havre, Paris, the Azores, Havana, Mexico 
City, Barbados, Pernambuco, Rio de Janeiro, Val- 
paraiso, and Buenos Aires, and several intermediate 
points. An adaptation of the fork-driven transmitter 
has made it possible economically to assign direct 
facilities between important branch offices, as, for 
instance, between the New York and Liverpool cotton 
exchanges. “A third effect of the regenerator has been 
to improve the speed of service on the bulk of traffic, as 
compared with the -purely specialized handling of 
important files that was common in days of manual 
relay. Fourth, the accuracy of the service has been 
improved, both by reduction of the hazard incident 
to the handling of messages by many operators, and by 
the substitution of a bold, easily read signal for the 
old-time distorted characters. 


INDUCTIVELY LOADED CABLES 


The principles involved in the improvement of trans- 
mission of cable signals by inductive loading have been 
understood for many years, but their application has 
been the work of the past decade. 

Inductive loading may be lumped, continuous, or 
tapered. The latter two methods have proved to be 
practical on long cables, continuous loading being 
optimum for one-way operation and tapered loading 
for duplex operation. Both methods employ permal- 
loy,4 an American-made alloy, or mu-metal, a similar 
foreign product, applied in the form of a continuous 
helix of tape or wire wound around the cable conductor 
as an axis, and contiguous to it. The alloys mentioned 
are composed of nickel, about 80 per cent; iron, about 
20 per cent; sometimes cobalt; and certain other metals 
added to provide mechanical malleability, electrical 
resistivity, etc., required in practise. Alloys of this 
character have high permeability in weak magnetic 
fields. Their general effect upon transmitted signals is 
to make more abrupt the slope of the “‘arrival curve” 
of power at the terminal; at the same time the attenua- 
tion of the signals of frequency f is decreased, so that for 
an irreducible minimum of received power at the 


11. The Loaded Submarine Telegraph Cable, by Oliver E. 
Buckley, A. I. E. E. Trans., Vol. XLIV, 1925, p. 882. 
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terminal, f can be increased. The layman’s conception 
of added inductance “offsetting” the capacity of a 
cable, while inaccurate in detail, is essentially correct 
in estimating effect. 

There are now four continuously loaded cable sections 
and one taper-loaded cable in operation in the Atlantic. 
Two of the four continuously loaded sections are re- 
peatered to form one four-channel uni-directional cable 
between New York and London, operated by the West- 
ern Union; and the other two sections are repeatered to 
form one five-channel uni-directional cable between 
New York and Emden, Germany, with one channel 
dropped at Horta, and operated jointly by Western 
Union, Commercial Cable Company, and German 
Atlantic Telegraph Company. The present uni-direc- 
tional printer operating speeds of these cables are 67.5 
and 65.0 cycles per second, respectively, (two-element 
signals). 

Neither of these cables is being operated at its maxi- 
mum output. Some idea of the magnitude of the ca- 
pacity of these cables for traffic can be gathered from 
the discussion in Section 15 of the Appendix. Higher 
speeds on all permalloy cables are at present limited 
only by terminal apparatus. New equipment is being 
designed to make available some of the excess capacity. 

While the level of parasitic interference forms the 
ultimate barrier to further increases of speed on uni- 
directional cables, the artificial-line balance continues 
now, as ten years ago, to limit the speed on long sections 
of cable operated in duplex fashion. It has been pointed 
out” that a cable having a C R value of 2.7, utilizing 
three-element signals, and satisfactorily duplexed at 9 
cycles per second, has a uni-directional speed of 22 
cycles per second, but that the signal shaping apparatus 
by means of which the high speed is secured is of little 
use with the order of unbalance and interference levels 
usually existing. Nevertheless, the wide disparity 
between these two figures is a challenge to further work 
on securing better duplex balances. It has been 
recorded that the Vancouver-Fanning Island 1902 
cable, having a C R value of 9.21, is duplexed at 4.3 
cycles per second, a utilization twice as effective as that 
encountered in transatlantic practise; but it is ex- 
plained that the level of interference is very low at 
both terminals, and that due to the low signaling speed 
a sluggish adjustment of the recorder can be made to 
filter out the high-frequency components of whatever 
unbalance exists. 

The Bay Roberts-Horta cable, laid in 1928, is taper- 
loaded, the end sections being unloaded. It has a 
nominal one-way speed of 77.6 cycles per second, (2500 
letters per minute, three-element). Western Union 


12. “The Application of Vacuum Tube Amplifiers to Sub- 
marine Telegraph Cables,’ by Austin M. Curtis, Bell System 
Tech. Jl., Vol. VI, July, 1927. : 

13. ‘Recent Developments in Submarine Cable Design,” by 
R. L: Hughes, J. #. #. J1., (London), Vol. 66, 1927, p. 140. 

14. The conversions of cycles per second to letters per minute 
are based upon Section 6 of the Appendix. 
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engineers have successfully balanced this cable at one 
end, at 43.4 cycles per second, (1400 letters per minute, 
three-element); equipment is now being manufactured 
for the other end. It is to be seen, therefore, that in 
spite of the difficulties of balancing cables containing 
inductance as well as resistance and capacity, the duplex 
speed in each direction is more than half the uni-di- 
rectional speed. 

The balance was obtained, in this case, by the method 
of wave reflections from points on cable and artificial- 
line where impedances abruptly change, using the 
oscillograph as a tool. A single impulse traveling 
simultaneously along cable and artificial-line is reflected 
at each point where the surge impedance changes. If 
there is a lack of correspondence between main and 
artificial lines at a point reached by the wave at time t 
after the wave starts, a momentary difference of poten- 
tial across the cable bridge will exist, due to reflection, 
at time 2¢. The artificial-line is then adjusted until at 
time 2¢no difference of potential exists. Attention 
may then be given to conditions at time 2 (¢ + d 2), etc., 
until a straight line is obtained on the oscillograph, 
denoting “‘perfect”’ balance. Many practical difficulties, 
due to double reflections, effect of sea-earth, etc., had 
to be overcome in practise to secure a balance. 

The artificial-line network used on this cable may be 
described as a succession of inductance units jointed in 
series, paralleled by a succession of resistance units 
joined in series, and the two series cross-connected at 
their respective joints by condenser units. The values 
are so chosen that the cable is, as nearly as possible, 
matched in impedance throughout its length, due regard 
being given to the relative importance of the portion of 
line nearest the terminal. 

The considerations which result in the decision to lay 
a duplex loaded cable instead of a uni-directional cable 
are complicated. Each time the question comes up, 
the situation must be investigated from many angles, 
of which the rate of flow of traffic in each direction dur- 
ing different hours of the day is one of the most impor- 
tant, as is also the allocation of paralleling facilities to 
various uses. Since it is possible to secure an output of 
2800 letters per minute from the duplexed cable referred 
to above, compared with a net uni-directional speed of 
2380 letters per minute (deducting 5 per cent lost time 
for automatic turn-around), the duplex operation of a 
taper-loaded cable would appear to be optimum. A 
continuously loaded cable having the same uni-direc- 
tional speed would require less copper but more miles of 
loading; the element of cost therefore has to be con- 
sidered in determining whether to lay a duplexed or 
uni-directional cable. 

At the present state of the art, uni-directional loaded 
cables are being utilized for handling “bulk” traffic of 
ordinary and deferred classes, while the old-type cables 
are being deployed for the fast, specialized services. 

15. Described by J. J. Gilbert, in an article: “Determination 


of Electrical Characteristics of Loaded Telegraph Cables,’’ Bell 
System Tech. Jl., Vol. VI, July, 1927. 
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PRINTERS 

Printing telegraphs have been well established in 
landline practise for many years; their application to 
loaded and non-loaded cables is the product of the 
post-war decade. 

Adaptation of printers to high-speed uni-directional 
cables has been made practicable by:’ (a) Utilization 
of vibrating circuits for fill-in purposes, (b) Brush- 
driven vibrating circuits, (c) Automatic turn-around, 
with provision made for stopping and starting trans- 
mitters and printers, and short-circuiting. amplifiers, 
stage by stage, (d) Improvement in relays, in distributor 
prime-movers, and in means for controlling phase 
relationships of sending and receiving brushes, (e) Pro- 
vision for sending Morse at low frequencies over the 
cable without paralyzing the amplifiers. 

The application of printing systems to old-type 
duplex cables* has been complicated by balance troubles. 
While the system of attenuation of single impulses can 
be carried on successfully at the receiving end of the 
cable, the application of double frequency at the sending 
end puts a burden on the balance too great to be taken 
care of at present. Two remedies have been suggested: 
(a) improved artificial lines which will handle the higher 
frequencies, (b) a “tank” circuit designed to attenuate 
the single impulses before impressing them on the cable 
apex through a three-element relay. The high speeds 
handled also introduce problems of variable lag,’ all of 
which have not as yet been solved. Up to the present 
time the use of printers on old-type cables has been 
successful in so far as they have duplicated the per- 
formance of recorders, but purely for traffic reasons 
their installation in combination with recorder circuits 
in the same offices has not produced notable gains in 
operating economy. ‘The factors entering into the 
application of printers to duplex cables in place of 
recorders are discussed in the Appendix. 

A new type of printer system!’ is now being tried out 
which avoids some of the troubles encountered pre- 
viously. It makes use of Murray-Baudot five-unit, 
two-element, uniform code, reconstructed into a non- 
uniform, two element code, wherein the letters are from 
6 to 9 half-units in length, the average number of full- 
length impulses per letter being 3.50, comparing with 
3.71 for cable recorder code (see Appendix, Section 6). 
Marking impulses of Baudot are transmitted full length, 
there being arbitrary reversal of polarity between each 
two successive marking impulses; spacing impulses are 
transmitted at half-length, the polarity of any number 
of them in succession from 1 up, being the same as the 
marking impulse which preceded them. ‘Thus the 
letter W, which in Baudot is M, M, S, S, M," in the 
Angel modification becomes + +,——,—-,-,+ +, 
each of the units being half the length of those in Bau- 
dot. The letter F in Baudot is M,S,M,M,S; in 


16. H.Angeland J. W. Robinson, patent applied for. 
17. M stands for marking, S for spacing. The commas have 
no significance except to clarify the conversion. 
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Angel code it is + +, +,—-—,++,-+. The per- 
forator, transmitter, and printer are the same as used in 
Baudot operation. The printer has the interesting and 
valuable feature of ‘‘going into pi’ whenever a line hit 
or repeater fault occurs; this is caused by the non- 
uniform code, which results in the printer’s going out of 
step when one letter is mutilated; but the receiving 
operator can restore synchronism with a push-button 
and get a correction by RQ and BQ. It will be noted 
that the code is so constituted that the half-units never 
occur singly, hence the code is handled at the same line 
frequency as Baudot and no undue demands are made of 
artificial line balances. It is to be observed also that 
while the double impulses are of length L, the same as 
single impulses in Baudot, the receiving margin must 
be such that signals of length 1.5 L can be distinguished 
from those of length L. 


MISCELLANEOUS APPARATUS 


Minor improvements in apparatus are not within the 
scope of this survey and some major developments 
can only be itemized. The post-war decade has seen 
the first practical applications of the vacuum tube 
amplifier with frequency-differentiating networks to 
cable operation.!2 A new method of correcting for zero- 
wander has been made available.’ 

A constant-frequency, impulse-motor-driven trans- 
mitter with gear-shifting arrangement for changing 
speeds has been successfully applied by the Eastern 
Telegraph Company. 

Interpolators and reed-controlled switching of re- 
perforators, and their adaptation to way-cable opera- 
tion, have been brought to a high degree of perfection 
by the All-America Cable system. 

A re-perforator has been applied to the Western 
Union permalloy cable for purposes of picture trans- 
mission between London and New York by the Bart- 
lane system, the five-hole tape of Baudot printer code 
being used to operate light shutters controlling six 
values of light in the picture reproducing machine. 

Storage transmitters have been designed to eliminate 
the perforated tape between the perforator and trans- 
mitter; a printer will now record traffic within three to 
five letters of the perforator operator’s keyboard 
manipulation. 

This decade has seen the first uses made of permalloy 
and cobalt steel in cable instruments where strong fields 
are required under various conditions. 

The year 1928 saw the laying of a submarine telegraph 
bi-core cable between Ireland and England; it is 
operated to give one metallic and one grounded circuit, 
thus avoiding the induction usually experienced in 
multi-core cables. : 

In 1923 the Commercial Cable Company laid the 
fastest non-loaded transatlantic cable’ from New York 
to England via Nova Scotia and the Azores. 


18. RQsandB Qs constitute ‘‘service” requests for informa- 
tion and replies thereto. 
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One development that has created interest among 
cable men is the Pernot system of superimposed a-c. 
signals, which has been applied to short sections of 
cable by several different companies. A short descrip- 
tion of some of the constants of the Western Union’s 
’ North Sydney, N. S.-Hearts Content, Nfld., installa- 
tion follows. 

The cable itself runs from Canso, N. S., to Hearts 
Content, being looped into North Sydney. On the 
“q-c. side,” it is balanced for duplex working at Canso 
and Hearts Content, being operated at 8.0 cycles per 
second, (260 letters per minute, three-element recorder), 
and joined through rotary regenerative repeaters at 
Canso with a cable going to New York, and at Hearts 
Content with a transatlantic section. The operation of 
this circuit has not been disturbed by the Pernot appli- 
cation, except that it was necessary to compensate on 
the artificial-line at Canso for the Pernot coupling to 
ground at North Sydney. 

The “‘a-c. side’ is operated duplex on the North 
Sydney-Hearts Content section, at a speed of 5.0 cycles 
per second to 7.5 cycles per second, (160 letters per 
minute to 240 letters per minute, three-element re- 
corder), and joined through a fork repeater at North 
Sydney with a New York landline, and through a three- 
element repeater at Hearts Content with a landline 
going to Bay Roberts, Nfld., rotary repeater, a few 
miles distant. 

The “‘a-c. side” has a 50 cycles per second carrier for 
eastward transmission and an 80 cycles per second 
carrier for westward transmission. Since the primary 
signaling frequency f of the alternating current may be 
5.0 cycles per second to 7.5 cycles per second, the unit 
signal impulse modulates from 5 to 8 cycles of the 
carrier. 

The required three values of current for three-element 
operation are provided by exciting the field of the 
alternator to zero, half, and full value, these values 
being controlled by the usual cable sending-on relays. 
At the receiving end the received high-frequency signals 
are amplified and rectified, and the envelopes of signals 
are caused to upset an impedance bridge. Currents of 
zero, half, and full magnitude are thus sent through the 
mechanically biased coil of a drum relay, the contact of 
which is adjusted to rest on “No Man’s Land” when 
the modulating current is at half value. Full current 
modulation gives a “‘dot’’ contact and zero modulation 
a “dash” contact. 

Special precautions are taken at North Sydney and 
Hearts Content by means of resonant acceptance and 
rejection circuits to keep transmitting carrier frequen- 
cies out of the receivers and vice versa. At Canso, 
high-frequency traps are provided, as North Sydney’s 
transmission in mid-cable, through inductive coupling, 
goes both east and west. 


CONCLUSION 
Enough has been presented in the foregoing outline 
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of the accomplishments of the post-war decade to 
indicate that at its close we are dealing with cable 
transmitting speeds of a different order of magnitude 
from those characteristic of its beginning. There has 
been a corresponding satisfactory increase in patronage 
and consequent prosperity for the cable companies, 
which may be considered in the light of a guaranty of 
further technical developments in years to come. It is 
fairly safe to predict that there will be increasing utili- 
zation of electrically repeatered landline feeders to high- 
speed ocean cable sections, affording a large number of 
direct connections between the important cabling cities 
of the American and European continents. There have 
been recent announcements by the Bell System to the 
effect that we may expect further increases of cable 
speed through improvement of cable dielectric and 
armoring, making it possible to handle voice frequencies 
as well as those used for telegraphic signaling. The 
future, therefore, promises much of interest to engineers 
connected with one of the oldest, and now one of the 
liveliest, of the electrical arts. 

The author desires to express appreciation to his 
associates in the Western Union organization for per- 
mission to describe, in some cases for the first time, the 
results of their research and experimentation. 


Appendix 


FACTORS WHICH AFFECT THE TRAFFIC CAPACITY OF A 
CABLE 


1. Electrical parameters of the cable.' These include 
total length; unit-length inductance, leakance, capacity; 
and unit-length resistance due to copper, eddy currents, 
sea return, and hysteresis. The values of some of these 
vary with frequency, and some are different in different 
parts of the cable. Since the length of the cable appears 
as an exponent in the attenuation equation, it is 
important to keep the length of sections at a minimum. 
A great deal has been accomplished in recent years by 
rearranging cable repeater spacing, within the rigorous 
limits imposed by geographical layouts. 

2, Maximum impressed voltage, sending end. The 
hazard of breaking down the insulation of a cable is an 
effective limitation to the voltage, positive or negative 
with respect to earth potential, which may be employed. 
With voltages of 50 + and 50— from grounded bat- 
teries, there is a total potential difference, available for 
signaling, of 100 volts, which can be used either for two- 
element or three-element transmission. It is evident 
that for a given frequency, there is no essential differ- 
ence between the power transmitted when applied 
voltages are alternated, in the one case between earth 
and 50 volts positive, and in the other between 25 volts 
positive and 25 volts negative. Hence, twice as much 
power is transmitted with two-element signals as with 
three-element signals, the allowable maximum voltages 
to ground being constant. 

The attenuation of power, however, increases with 
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frequency in exponential ratio," and there are also 
variations introduced into the time-lag of signals on 
the line as frequency ‘is increased. Hence, while it is 
possible to raise transmitted power from W to 2 W by 
sending two-element signals instead of three-element 
signals, and, keeping frequency f constant, to raise the 
power at the receiving end of the circuit from w to 2 w, 
it is not possible to apply power 2 W at frequency 2 f 
and obtain. received powerw. However, if 2 Wis 
applied, and received power w is sufficient to override 
interference, the cable can be operated at a frequency 
fmy Such that f < fm < 2 f, where f is the maximum 
three-element frequency, and f,, is the maximum two- 
element frequency, the limiting voltages on the cable 
being the same. Observation has shown that this figure 
may lie in the region off, =1.10for1.15f. The 
determination is usually complicated by the fact that 
as frequency is raised on a duplex cable, balance troubles 
come in to offset in part the gain made by doubling the 
power and increasing the frequency. Again, variations 
in lag’ are likely to prove troublesome as the frequency 
is raised from f tof,,, even to the extent of nullifying 
the entire gain by excessive errors or losses of 
synchronism. 


3. Method of impressing sending voltage on the cable. 
In order to preserve the shape of signals, all essential 
frequencies must be applied to the cable at correct 
power levels. The total amount of power transmitted 
is represented roughly by the area under the voltage 
curve” at point of application to the cable. It is the 
practise, especially in connection with permalloy cables, 
to shape the received signals partly by modifying the 
usual sending wave-form?! produced by the large “‘send- 
ing block” condenser. It is apparent that the problem 
is one of getting maximum total power into the signal, 
properly shaped (that is, containing the correct pro- 
portions of harmonics),!® and yet with a maximum 
impressed voltage peak not.reaching that set by hazard 
to the cable dielectric. 


4. Degree to which signals may be amplified. On 
simplex cables with vacuum tube amplifiers there is no 
limit to amplification except the level of parasitic inter- 
ference. This can be reduced by long sea-earths, 
properly compensated.!® On duplex cables the level of 
interference of sent signals with received signals is so 
high that ordinarily it constitutes the present limit to 
increased speed through higher amplification. This is 
quite a different situation from that obtaining ten years 
ago when the lack of suitable magnifiers made it inad- 
visable to divert part of the received energy for shaping 
purposes. 

5. Degree of tolerance in distorted signals. This is 

19. Submarine Cable Telegraphy, by J. Willard Milnor, 
A. I. BE. E. Trans., Vol. XLI, 1922, p. 20. 

20. Certain Factors Affecting Telegraph Speed, by H. Nyquist, 
A. I.E. EB. Trans., Vol. XLITI, Feb. 1924. 

21. “High-Speed Ocean Cable Telegraphy,” by O. HE. Buck- 
ley, Bell System Tech. Jl., April, 1928. 
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greatest in sectional recorder operation, where the skill 
of the operator permits the acceptance of badly dis- 
torted signals. Next comes the regenerator, which 
requires that the mid-point of each signal be definitely 
on one side or the other of zero position. Electrical 
relay without regeneration is most critical of all in this 
respect. If fn represents the maximum frequency which 
is important to the transmission of properly shaped 
signals, an approximate line frequency of f, = fm/1.65 
can be secured for relay operation, and a line frequency 
of fi, = fm/1.50 can be secured with recorder operation. 


Tite = 10 ein = eU ole 

6. Code used. Codes are of various lengths; ob- 
viously those which contain fewer unit signal impulses 
per letter are the more economical of line time, other 
things being equal; but the ability to apply various 
expedients to save transmission time are nat to be 
overlooked. (See Section 10, below.) 

A recent study of “run-of-mine’”’ cable traffic forms 
the basis of Table I. Letters, figures, punctuation, and 
letter-spaces have been properly weighted for fre- 
quency of occurrence. The number of center holes has 
been counted as punched on standard perforators. 


TABLE I 


COMPARATIVE LENGTHS OF CODES IN UNIT SIGNAL 
IMPULSES PER TRANSMITTED CHARACTER 


Average number per 
character including 
letter spaces 


No. of 
Code elements | Impulses Cycles 
Wheatstone (Continental).......... 2 9.27 4.63 
Cable Recorder sc cs fn ieieuey teas 3 3.41 1.86 
Baudoti (Murray) eo acne ee eieiene 2 5.00 2.50 
Baudoti(Angel) ive. 2s Shares eee 2 3.50 ees 
Gott (Continental) s...1o~ esc een 2 inde, 2.86 
COOKE? a54.seragice ne ate eis ene eer 3 3.00 1.50 
Barelay=76 sere abate sree 2 11.24 5.62 
Morkrum (Green Code)........ Soya 2 8.00 4.00 
Simplex (Teletype)... ase 2). ne are 2 7.00 3.50 
6-Unit Baudots S.A. tees cee ee aur 2 6.00 3.00 
Nelson Riecordetageenn ocak ins eee 2 7.42 Slavs! 
Nelson Wheatstone................ 3 4.63 2.32 
Theoretical Codes 
Continental (2 impulse dash)........ 2 7.18 3.59 
©Prenore ss oie. cst see een re pretesere 2 5.84 2.92 
Baudot (Angel) Ideal.............. 2 3.38 1.69 
{[deal, three-element............... 3 3.38 1.69 
Ideal, four-element: 0 2. ee alle 4 3.00 1.50 
7. Allowance for handling of short figures. Owing to 


the practicability of using Continental code figures in 
short form, (e. g., A for 1, U for 2, etc.), a virtual short- 
ening of the code has to be reckoned with. A careful 
count of actual usage shows that a factor of 0.96 (1/0.96 
= 1.04) should be applied to the length of the cable 
recorder letter to estimate the effect of short figures. 
The corresponding figure for Wheatstone, transcribed 
by typewriter, is 0.94; (1/0.94 = 1.06). 

8. Allowance for handling of figure shifts. Where 
figures in printer operation are produced by the shifting 
carriage method, the code must be loaded proportion- 
ately. It has been found that the proper factor to use is 
1.035 for all printers except three-unit Cooke, (for 
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which it is 1.053 on account of shifting for the letters 
J and V), and those printers which do not shift for 
figures. In the case of the latter it is obvious no allow- 
ances should be made for figure shifting. 

The product, 1.085 (1.06) = 1.10; (1/1.10 = 0.91); 
is a measurement of the net effect in comparing recorder 
with printer output, due to the handling of figures. 
These figures take into consideration the allowances of 
both Sections 7 and 8. 

9. Short cuts and abbreviations. Since the product 
of a printer system has to be delivered to the public, 
some abbreviations which are quite feasible when 
transcribed by typewriter cannot be used. A study 
shows that the gain in length of printer transmission 
over typewriter due to this cause is represented by a 
factor of 1.06; (1/1.06 = 0.94). 

10. Applicability of ‘‘fill-cn’’ transmission.® It is 
possible to transmit two-element code over a cable so 
rapidly that complete attenuation of single unit signal 
impulses takes place. A regenerative repeater of proper 
design can be employed to “‘fill in” the attenuated 
impulses at the receiving end. If, originally, the single 
impulses were received with sufficient amplitude at 
frequency f, an increase in frequency from f to 2 f will 
result in the double impulses being received at same 
form and: value as the single impulses formerly were. 
This results in doubling the output of the cable. The 
system has been applied extensively to Wheatstone 
transmission over cables, by the Eastern Telegraph 
Company in London, and to Baudot transmission on 
the New York-Emden cable.’ 

The effect of suppressing single impulses at source 
is embodied in the Nelson three-element Wheatstone 
and the Angel modification of Baudot, described in the 
body of the paper. Such systems are not exacting upon 
duplex balance as are those in which attenuation occurs 
on the line. It would be incorrect to apply a factor of 
2.0 to outputs using these last-named systems of sup- 
pressed transmission, however, as weight has been 
given in the shortening of the codes themselves. 

11. Lost circuit time. Continuity of operation is one 
of the most strict demands made of any system of cable 
operation. In uni-directional operation of cables lost 
time averages 3.5 per cent on account of loss of adjust- 
ment and 5 per cent by the automatic reversing of 
direction of transmission every two minutes. 

12. Collation and confirmation. Collation, the prac- 
tise of sending words twice as is often necessary through 
heavy static on radio circuits, is not a source of lost 
time in cable work. The same is true of the confirma- 
tion of figures following each message. 

13. Re-runs. The “setting back” of transmitter 
tape for the purpose of re-running a message which 
has been errored in transmission is a cause of ineffi- 
ciency. When circuits are operated by page-printers, 
and a high standard of perfection of copy is set, losses 
due to this account may run consistently as high as 10 
per cent. With tape-printer operation, “‘paste-over” 
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corrections being permitted, the figure is 2 per cent. 
On duplex recorder circuits the losses amount to 5 
per cent. 

14. The figures in Table II are useful in estimating 
the relative weight to be given to the various compon- 
ents of transatlantic traffic. 


TABLE II 


RELATIVE AMOUNTS OF REVENUE-BEARING 
AND NON-REVENUE TRAFFIC 


Ratio to paid 


Percentage characters 
Paid letters and spaces...........--+-++++-5 (EsaU 1.000 
Unpaid letters and spaces in paid traffic Hoa we 18.0 0.243 
Services and deadheads..............--.065 4.1 0.055 
HAGE Pe ISAC tah gine Sree G BO Oo On con 6 Oe 3} 0.017 
Operating functions...........--.--e+r5es 2.9 0.040 
Total characters in transit......... 100.0 1-355 
Analysis of revenue-bearing words 
Characters Words per 
per word message 
Preferred rate, codelanguage..........---- 8.33 6.76 
Preferred rate, plain language.........-.-- Gad 17.99 
Ordinary rate, code language.........----- 9.64 1132, 
Ordinary rate, plain language..........--- 7.23 15.88 
Deferred rate, plain language...........--- 6.79 20.90 
PECSS A eects Piola eae ekariater anabemer ote siiayr one! 81.70 
Mo tal cater ere eee le 7.88 14.81 


15. Applications. An example will serve to show 
how the figures derived in Sections 1 to 14 of this 
Appendix may be applied. One method is to set down 
two series of weight factors which may be multiplied 
together and the ratio of one series to the other obtained. 
For example: 

The 1924 New York-Horta permalloy cable was 
successfully tested out at a three-element recorder 
speed of 1920 letters per minute." The character of 
the signals produced between zero and either pole of 
battery was such that a relay could be positively op- 
erated with the sending voltages used. It is required to 
find what the ultimate operating advantage would be 
of installing a tape-printer system with completely 
attenuated single impulses, over the recorder system. 

See Section 1, above. The length of cable and its 
electrical parameters are constant under the two sets of 
conditions. As the frequency is raised, there will be an 
increase in the losses, but these are taken care of in the 
attenuation curves upon which the figures in Section 2 
were based. 

Section 2. Two-element transmission should give a 
merit factor of 1.10 for printer system against 1.00 for 
recorder. While in some cases this ratio might be 
higher, the high speeds encountered in rotating terminal 
distributors with attendant chances for variable lag 
and speed-control difficulties makes it advisable to use 
the more conservative figure. 

Section 3. Impressed voltage wave form. Conditions 
the same for recorder and printer. 

Sections 4 and 5. Degrees of amplification and dis- 
tortion tolerance. Same for both systems. 
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Section 6. Printer code, length, 5.00 impulses per 


character. Recorder code, length, 3.71 impulses per 
character. Factors of merit are therefore: printer, 
1.00; recorder, 5.00/3.71 = 1.35. 

Sections 7 and 8. Handling of figures. With a 


printer merit factor of 1.00, the recorder factor is 1.10. 


Section 9. Short-cuts and abbreviations. Factors 
of merit: printer, 1.00; recorder, 1.06. 

Section 10. The fill-in system of transmission is not 
applicable to three-element recorder operation. The 
merit factors are, therefore, printer, 2.00, recorder 1.00. 

Sections 11, 12, and 13. Lost circuit time and lost 
time due to confirmations and re-runs. Same for both 
methods of operation, assuming both systems of equal 
stability. 

Section 14. The character of traffic is assumed to be 
fixed. The RQ and BQ percentages would not vary 
noticeably between the two systems provided both 
proved stable at their respective operating speeds. 

The factors of merit may now be set down in parallel 
columns, and products obtained: 


Section Printer Recorder 
1; 1.00 1.00 
2. bee) 1.00 
Ste 1.00 1.00 
4. 1.00 1.00 
5. 1.00 1.00 
be 1.00 1.35 
a 1.00 1.10 
9. 1.00 1.06 
10. 2.00 1.00 
i th Be 1.00 1.00 
12. 1.00 1.00 
Sts 1.00 1.00 
14, 1.00 1.00 
PLOUUCUS Ey aoecjers siereatie he 2.20 L5v 


Quotients: 2.5). Ss. sae 2.20/1.57 = 1.40 1.57/2.20 =0.72 
It is evident, therefore, that in determining to adopt 

printer operation on the New York-Horta cable, there 

was a traffic advantage of 40 per cent over cable recorder 


ultimately to be gained. 


Discussion 


O. E. Buckley: There is only one fault which I can pick in 
the excellent summary which Mr. Coggeshall has made in his 
paper, and that is with regard to the relative importance of the 
different developments to which he refers. Perhaps I am 
prejudiced, but I do not feel that the development of the permal- 
loy loaded cable is secondary in importance to any of the develop- 
ments which he has named. 

One feature of the subject on which Mr. Coggeshall has not 
laid emphasis is that the developments of the post-war decade 
have come very largely from America. This is a great contrast 
to the previous history of submarine cable telegraphy. Prior to 
the initiation of the developments referred to in this paper, most 
of the technical advances in cable telegraphy came from Great 
Britain. 

One method of cable operation which Mr. Coggeshall has not 
referred to, because it has not yet come into use, is the simul- 
taneous use of two cables for carrying traffic on a simplex basis 
in opposite directions. As he has pointed out, the advantage of 
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duplexing is not so great with the loaded cables as with non- 
loaded cables, and no considerable gain in traffic carrying 
capacity has been made by changing from simplex to duplex 
even with loaded cable which was specially designed for duplex 
operation work. He also points out the great need for simul- 
taneous two-way operation to get high-speed and instantaneous 
transmission. It seems to me that in many eases this need will 
best be met by two loaded cables laid parallel to each other over 
the same route so that each cable can be operated all of the time 
in one direction. The cables could, of course, be. provided with 
automatic reversing apparatus so that in case one cable should 
go out traffic could be handled by single cable with automatic 
reversal. 

Hobart Mason: As a traffic engineer I don’t know that I 
would subscribe entirely to Dr. Buckley’s idea that a loaded 
cable is, of greater advantage than the regenerative repeater. 
That may depend on circumstances, the necessary lengths of 
cable sections, and the number of repeaters in circuit. I have 
no data but I suspect if we figured the over-all cost per word to 
the communications companies that the regenerative repeater 
might very likely show as great a saving as does the loaded cable. 
I incline to the opinion that Mr. Coggeshall’s arrangement of 
the sequential order was justified. 

The circumstances surrounding a given case would also govern 
in considering Dr. Buckley’s. statement about the duplex cable. 
The question of frequency and duration of cable interruptions 
comes into it, as do the kind and volume of traffic and the rela- 
tive speeds. As Mr. Coggeshall points out, we have duplexed 
our second Horta cable at more than half the speed of its simplex 
operation but that conductor, it is true, is taper-loaded and as a 
simplex it would have been faster had it been full loaded through- 
out. The question is open to argument and we shouldn’t jump 
at conclusions as to which would be the ultimate thing. The 
desire that we have for extending channels of cables to different 
termini as Liverpool, London, Paris, and Berlin, as we are doing 
now, tends to make two duplex cables more desirable than two 
simplexes of twice the speed, although I will admit the possi- 
bility of working the two simplexes in that form of hook-up. 

The point, I think, that a traffic man should stress in this 
whole paper of Mr. Coggeshall’s is the trend of these improve- 
ments. They are directed to two and only two things: one, the 
improvement of the speed of service, and the other the lowering 
of the costs of giving service. Included in the speed of service, 
of course, is the question of continuity of service. Sometimes 
these two elements go together hand in hand, as for instance, the 
regenerative repeater not only eliminated a very considerable 
payroll at the repeater stations but eliminated a considerable 
time drag in the origin-to-destination speed of service of mes- 
sages. More often, however, the requirements are at odds. 
This tug of war is one that confronts almost every utility or 
public service concern. It is the relationship between the 
volume of plant provided and the peak load to be experienced, 
the readiness to serve, the length of time that we are going to let 
a message wait before it gets its turn on the facilities. 

One technical aspect of this same general pulling apart of the 
two requirements is touched on very briefly in Mr. Coggeshall’s 
paper in the matter of the storing transmitter. We find that to 
keep a cable fully loaded we must feed it automatically. That 
is, impulses must go into the cable as fast as the cable speed 
permits, and that is not practical directly from manual operation 
for no man can have a cadence operation that will not omit any 
of the beats. When he takes his hand off the keyboard to move 
a message from the rack and puts another in front of him the 
cable runs dry. We must have some storage. Particularly is 
that the case where we channelize the cables and the impulses 
must correspond to a nicety with the aspect of the apparatus 
at the receiving end. 

With our present tape apparatus we find the tape is an excel- 
lent storage device in all but one respect. It is an unfortunate 
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fact that there are about 100 centerholes between the pins of the 
perforator and the pins of the transmitter. That means any- 
where from 20 seconds to three-quarters of a minute, depending 
upon the speed of the channel after the end of the message has 
been perforated before it is put on the cable. There should be an 
improvement of that situation. In the meantime, this storage 
transmitter has been developed, a rather expensive and inflexible 
thing, but necessary to conserve these few seconds of time. 
The public mind, I suspect, does not realize the ends to which we 
go to conserve fractions of a minute in the handling of our traffic. 

M. L. D. McFarlane: Picture transmission is really an 
extremely simple matter; it is the same thing as transmitting 
any other form of intelligence. In transmitting a message one 
starts off with signals indicating the first letter of that message. 
In transmitting a picture one starts at one part of the picture and 
transmits signals indicating the shade of that part of the picture. 

In the early days of picture transmission when we started to 
develop the Bartlane system, we determined to find some method 
of picture transmission which could use existing facilities. We 
choose telegraph rather than telephone facilities, because at the 
time telephone facilities were not nearly as universal as telegraph. 

We therefore developed the system of translating a picture in 
a perforated tape, because perforated tape was being used for all 
high-speed message transmission. This perforated picture tape 
is transmitted by the communication company, being delivered 
at the receiving end again in the form of perforated tape. 

There are several methods by which we make a tape from a 
picture. One is a more or less purely photographic method: the 
picture is taken and analyzed into a number of tones photo- 
graphically. Normally we use ‘six tones, which are photo- 
graphically impressed on metal plates, having areas which are 
conducting and other areas which are insulating. These tones 
are run under pointers, and an electrical contact is either made 
or not made, causing a code combination corresponding to the 
tone value to be set up in relays and perforated in tape. 

At the receiving end a black tape is used. The black perfo- 
rated tape is run in front of a powerful light and in front of 
shutters, and thus controls the light falling on a photographie 
film, and a picture is built up from the holes in the tape. As this 
is entirely a light action, the actual building up of a picture takes 
about one minute. 

We also use the photoelectric method of preparing the tape 
in which the picture is scanned in the conventional method by 
reflected light and the amplified photoelectric current is used to 
operate the relays which perforate the tape. 

One thing which is of interest is the fact that in the picture 
apparatus we have no synchronism troubles. We hand in a 
certain length of tape to the transmission company and they 
give us at the receiving end ‘the same length of tape. We use 
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the same gear on our machines for both preparing the tape and 
preparing the picture from the tape. As a result, if we hand in 
50 ft. of tape to the sending office, and are given 50 ft. at the 
receiving end, the picture is correct. 

The tape method of picture transmission has the advantage 
over direct methods in that it can be interrupted like all mes- 
sages, without the necessity of starting again at the beginning. 
This has manifold advantages from the traffic point of view. 

The time of transmission of a picture depends entirely on the 
traffic conditions that exist on the wires, and that is a thing that 
is entirely in the hands of transmission companies. 

I believe that the future of picture transmission lies in the 
probability that facsimile transmission will be the one recognized 
method of the communication of intelligence some years hence. 
The length of time before this comes to pass is uncertain,—it 
may take fifty years. 

H. H. Haglund: Mr. Coggeshall’s paper was, I believe, 
prepared before the recent earthquake which caused so much 
damage to the North Atlantic cables. He could not therefore 
touch upon any of the interesting phases of cable development 
brought out by this catastrophe. 

One, in particular, I should like to call to your attention. 

As brought out in the paper printers have not conclusively 
demonstrated their superiority to recorder operation on old style, 
low speed cables. For the loaded cables, however, they have 
come into favor. 

The earthquake proved these printer circuits to have a much 
greater flexibility than has usually been attributed to this method 
of operation. 

Within a few days following the quake, which took away the 
Bay Roberts-Hammel connecting link for the Bay Roberts- 
Penzance loaded cable, a temporary connection had been set 
up via sections of old cables Bay Roberts to St: Pierre and St. 
Pierre to North Sydney and 1400 miles of landline: from North 
Sydney to New York. By providing temporary rotary repeaters 
for St. Pierre, North Sydney, and Bangor, a speed of 1200 
letters per min., 50 cycles was obtained over this route. 

With high-speed recorder operation this would have been con- 
siderably more difficult since, as mentioned by Mr. Coggeshall, 
three-element signals are difficult to repeater over landlines and 
if a three-element, two-element rotary had been employed the 
consequent doubling of the speed would have produced a fre- 
quency too great for the available lines to handle. 

The importance of the temporary route may be realized when 
I point out that the traffic capacity so obtained was over half 
the total capacity of the remaining five North Atlantic cables 
available to the Western Union after the quake. The temporary 
route was made available many weeks before the eable was 
repaired. i 
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Synopsis.—A proposition to introduce a change in the untts of 
the magnetic circuit was made at the meeting of the International 
Electrotechnical Commission (I. E. C.) in Bellagio, September 1927. 
The proposition was referred to an international subcommittee for 
consideration and report, by the Advisory I. E. C. Committee on 
Nomenclature. The subcommittee has recently reported, recom- 
mending that the matter be placed on the agenda of the next I. E. C. 
meeting, and that in the meanwhile, the subject should be discussed in 
all the national committees, more especially in the various electrical 


Recent International Proposals. At the meeting of 
the International Electrotechnical Commission (I. E. C.) 
at Bellagio in September 1927, the Italian delegation 
submitted} a proposal to establish a new international 
unit of magnetic flux ¢ in the f‘‘practical system,”’ with 
a magnitude of 108 C. G.S. magnetic units, or corre- 
sponding to what is sometimes called a“volt-second,” 
and to assign to this new unit of flux thename “maxwell.” 


After some discussion, the matter was referred to an 
international subcommittee of seven, (representing the 
national J. E.C. committees of France, Germany, 
Great Britain, Holland, Italy, Russia, and the United 
States) for consideration and report to the I. E.C. 
Committee No. 1 on Nomenclature. 


The subcommittee discussed the matter by corre- 
spondence distributed through the General Secretary’s 
office in London, during 1928 and 1929. It presented 
a report in September 1929 to Dr. Mailloux, the presi- 
dent of the I. E.C. Nomenclature Committee. A 
copy of the report is appended to this paper. 


Need for General Consideration and Discussion. From 
the correspondence among the members of the inter- 
national subcommittee, it was evident that although 
no official change has been made in the international 
status of magnetic-circuit units since the Paris Inter- 
national Electrical Congress of 1900, yet there exists a 
considerable difference of usage of magnetic units in the 
various countries, not merely as to the names, but also 
as to the definitions of the units. It is therefore in the 
interest of all’ countries that the whole question of the 
magnetic units and their names should be considered 
afresh, with a view to arriving at a sound, simple, and 
satisfactory international agreement upon the same. 
While, therefore, the subcommittee could not endorse 


*Professor of Hlectrical Engineering, Harvard University, 
Cambridge, Mass. 

{Bibliography 29, pp. 121-123. Report of I. E. C. Meeting at 
Bellagio. 

tThe term ‘‘practical system”’ as here used, refers to the series 
of international electrical units, substantially as adopted at the 
Electrical International Congress of Chicago in 1893; 7. e., the 
international volt, ohm, ampere, ete. 

Presented at the Winter Convention of the A. I. EH. H., New York, 
N. Y., Jan. 27-81, 1980. 


engineering societies, so as to pave the way for well considered inter- 
national action. .This paper has been prepared in the hope of 
presenting the questions definitely, with a view to eliciting discussion 
and opinions that may be helpful from the international point of 
view. 

As an aid to the formulation of views on the subject among those 
who may not have given special attention to the historical development 
of the magnetic-circutt units, a short outline of their history is here 
submitted. 


the proposal to change the value of the maxwell from 
1C.G.S. to 108 C. G.S. units of magnetic flux @, it 
recommends that the matter be discussed in all the 
twenty-five countries participating in the I.E. C., 
particularly among their engineering societies, in order 
to elicit useful suggestions and to pave the way for well 
considered international action. This paper aims to 
present a brief history of the development of the 
magnetic-circuit units, especially during the last forty 
years, in so far as may be helpful in visualizing the 
present status of these units, to indicate the reasons 
existing for changing that status, and of submitting a 
few suggestions in that direction by way of starting 
the discussion in the American Institute of Electrical 
Engineers. 

Outline History of the Magnetic-Circmt Units. The 
first analysis of the behavior of a suspended magnetic 
needle appears to have been given by Ampére in 1820.* 
The first analysis referred to absolute measure, 2. e., 
to units of length, mass, and time, is attributed to 
Gaussf in 1833. In 1840, W. E. Weber, who collabo- 
rated with Gauss, showed how to measure the strength 
of a steady electric current in absolute measure with 
the aid of a tangent galvanometer, and later, with an 
electrodynamometer. The magnetic units employed 
by Gauss and Weber were in the millimeter-milligram- 
second system (mg-mm-sec.) or M. M.S. system, in 
direct decimal relation with the international metric 
system. é 

In 1861, two electric telegraph engineers, Latimer 
Clark and Charles Bright, read a paper at the Man- 
chester meeting of the British Association for the 
Advancement of Science (generally known as the 
B. A.) calling attention to the needs for scientific elec- 
trical units, standards, and measures in telegraph 
engineering. This led to the formation by the B. A., 
in that year, of a committeet on “Standards of 


*Ampore, André M., ‘“‘Sur l’état magnetique des corps qui 
transmettent un courant d’électricité,’”’ Ann. Chem. Phys., XVI, 
Paris, 1821. 

{jGauss, Karl Friedrich, ‘‘Intensitas vis magneticae terrestris 
ad mensuram absolutam revocata,’’ Gottingen, 1833. 

{British Association Reports. ‘‘On Electrical Standards,” 
1861, 1863, 1864, 1865, 1867. (First B. A. Committee.) 
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Electrical Resistance.” Its members were eminent in 
basic and applied science. This first B. A.committeeset 
to work to establish units and standards of resistance, 
e.m.f., and current in absolute measure, making 
reports to the B. A. from 1863 to 1867, when it was 
reorganized and the second B.A. committee§ was 
appointed ‘for the Selection and Nomenclature of 
Dynamical and Electrical Units.” The first B.A. 
committee issued standard B.A. ohms and micro- 
farads in the meter-gram-second* (M. G. 8.) system, 
the B. A. standard ohm being made to represent 10’ 
absolute M.G.S. units of resistance, and the B.A. 
standard microfarad to represent 10-% M.G.S8. units 
of capacitance. At the present date, these would be 
taken respectively as representing 10° C. G.S. units of 
resistance and 10-" C.G.S. units of capacitance. 
The same B.A. standard condenser was originally 
called a farad;* but by common consent its name was 
changed to microfarad, to preserve the unitary relations 
between the newly adopted practical units. The volt 
of 10° M. G.S. units of electromotive force was also 
recognized and adopted by the committee, as being not 
far from the e. m. f. of a Daniell zinc-copper cell, at that 
time well known in telegraphy; but so greatly did dif- 
ferent voltaic cells of the same type vary in e.m.f., 
that it was not until 1873, that the first Clark zinc- 
mercury cell was developed as a working standard of 
e. m. f. 


When the second B. A. Committee made its first 
report in 1878, it recommended changing the basis of 
the absolute units from the M.G.S. to the C.G.S. 
system,} mainly for the reason that in the latter, the 
systematic unit of density was the gram per cubic centi- 
meter and substantially equal to the density of pure 
water; whereas in the former, the systematic unit of 
density was the gram per cubic meter or one millionth 
that of water. Thereafter, the M.G.S. system was 
superseded by the C. G. 8. system, not only in electrical 
and magnetic units, but also in all branches of science. 
The change seems, however, to have been made against 
some opposition, since one member of the second com- 
mittee went on record} as being opposed to the substitu- 
tion of the centimeter for the meter. 

The first International Congress of Electricians 
assembled at Paris, in 1881. It adopted the C.G.S. 
system as the basis of absolute units. It likewise 
adopted the ohm, volt, ampere, coulomb, and farad 


§First Report of the B. A. ““Committee for the Selection and 
Nomenclature of Dynamical and Electrical Units,’ (Second B. A. 
Committee) 1873. 

Second Report of same Committee, 1874. See also Appendix 
to Everett’s ‘Illustration of the C.G.S. System of Units,” 
1875-1891. 

*Olark, Latimer and Sabine, Robert, ‘““Hlectrical Tables and 
Formulae,” E. & F. N. Spon, London, 1871, pages 1-5 and 
Preface. 

tEverett, J. D., ‘‘Illustrations of the C. G. S. System of 
Units,” Macmillan & Co., 1891, Appendix. 
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just as they are today, except for minor corrections, and 
all decimally derived from the C. G. S. system. 

The second International Electrical Congress of 1889, 
also at Paris, adopted three more units in the 
“oractical’’ system—the joule, watt, and quadrant (now 
the henry). The Congress also discussed magnetic 
units in the “practical” system, recommending the 
weber as the name of a practical unit of magnetic flux, 
defined as 108 C. G. S. units of magnetic flux ¢, and also 
the gawss as the name for the practical unit of field 
intensity*, or 108 C. G. S. units of magnetic flux den- 
sity B. No definite action, however, was taken by the 
Congress on either of these units. 

The rapid development of dynamo-electric machines 
in the eighties, led to a demand among electrical engi- 
neers for magnetic units with corresponding names, to 
be used in the analysis and description of magnetic 
circuits. 

In 1891, the A. I. E. E. appointed a committee on 
“Units and Standards’ with especial reference to the 
study of magnetic-circuit units. The committee re- 
ported‘ in June 1891, recommending units of mag- 
netomotive force, magnetic flux, magnetic induction 
density, and magnetic reluctance, all in the “practical” 
system, except, as was pointed out in the discussion, 
that the flux density was referred to the square centi- 
meter, and was therefore a departure from the “‘prac- 
tical” system. No names were offered for these 
units, but it was suggested that the A. I. E. E. should 
seek to have these units adopted at the next following 
international electrical congress, with names for the 
same. No action was taken on the report beyond 
accepting it and printing it in the Proceedings. 

The subject of magnetic units was discussed at the 
third International Congress, held at Frankfort, in 
September 1891. The names gauss and weber were 
recommended, in the “practical” system, for the units 
of field intensity H, and magnetic flux @, respectively, 
but no action was taken. 

International Congress of Chicago. At the fourth 
International Electrical Congress, held at Chicago in 
1893, the subject of magnetic units received attention 
in the Chamber of Deputies. The recommendation 
was recorded’ that the C. G. S. system should be used 
for magnetic units, and that for the present no names 
should be given to them. 

It is to be remembered that magnetic observatories 
had come into existence about the year 1850, for mea- 
suring and recording the earth’s magnetic field in their 
respective localities. At first, these observatories 
used M. M.S. (mm-mg-sec.) units, but after about 
1875 the records were kept in C. G. S. units. Among 
magneticians, this practise was regarded as a reason for 


*Although the term “‘field intensity” suggests magnetizing 
force H, yet the context seems to indicate that the gauss was 
intended for the unit of flux density B. 

4. For numbered references see Bibliography. 
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keeping the magnetic units in the C.G.S. system. 
Many objections appeared in electrotechnical literature, 
between 1890 and 1894, to the adoption of magnetic 
units in the ‘practical’? system. Up to that time, 
however, only the two names dyne and erg had been 
adopted for units in the C.G.S. system. All of the 
names for electric units and standards had been 
assigned by international congresses in the “practical’’ 
system. Theretention of magnetic unitsin the C. G.S. 
system thus raised difficulties in the way of giving 
names tothem. On the other hand, electrical engineers 
working with the design and construction of dynamo- 
electric machines, and with the analysis of their mag- 
netic circuits, were insistent for unit names as well as 
unit magnitudes for the essential elements of those 
circuits. 

In view of the recommendations of the Chicago 
Congress for retaining the working units of the magnetic 
circuit in the C. G. 8. system, the Committee on “Units 
and Standards” of the A. I. E. E. reported to that body 
in March 1894* in favor of provisionally adopting the 
working units of the magnetic circuit in the C. G.S. 
magnetic system with the following names: (1) the 
gilbert as the C. G.S. unit of m. m. f. with the value 
10/4 7 ampere-turn; (2) the weber as the C.G.S. 
unit of magnetic flux; (8) the oersted for the C. G.S. 
unit of reluctance; and (4) the gauss as the C. G.S. 
unit of flux density, or one weber per normal sq. em. 
The report was discussed at two meetings of the 
Institute and provisionally adopted at the second. 

In 1895, the Committee of Electrical Standards} of 
the British Association recommended the tentative 
adoption of the following units and names: 

(1) As the unit of magnetic flux, 108 C.G.S. 
magnetic units, to be known as the weber. 

(2) As the unit of magnetomotive force, the C. G. S. 
magnetic unit of m. m. f., to be known as the gauss. 

In May 1900,f in view of the then approaching 
International Electrical Congress at Paris in August 
1900, the A. I. E. E. Committee on Units and Standards 
reported to that body in favor of fixing the working 
units of the magnetic circuit in the C. G. S. system, and 
also of considering their rationalization (the elimination 
of the factor 47 from the unit of m.m.f.). The 
A. I. E. E. adopted the report and instructed its dele- 
gates to recommend accordingly at the Paris Congress. 


Fifth International Electrical Congress, at Paris. 
At the Paris Congress, there was much difference of 
opinion and also some misunderstanding. It was 
generally agreed that the working units of the magnetic 
circuit should be retained in the C. G.S. system, but 
there was considerable opposition to giving them names. 


*A. I. E. E. Trans., Vol. XI, 1894; Jan. 17, pp. 48-52; Mar. 
21, pp. 124-132. 

j‘Electric Units and Standards’ Circular No. 60 of the 
Bureau of Standards, Washington. 

fA. I. E. E. Trans., 1900, Vol. XVII, pp. 309-318, May 17, 
1900. 
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The Congress finally voted and printed in its report? 
the adoption of two names, wz., the gauss for the 
C.G.S. unit of field intensity H, and the maxwell for the 
C. G.S. unit of magnetic flux ¢. These two working 
magnetic units in the C. G. S. system were adopted at 
the close of an animated debate. The A.I.E. E. 
delegates supposed that the name gauss had been 
assigned by the Chamber to the C. G.S. unit of flux 
density B, and so reported to the A. I. E. E.t It was 
not until after the publication of the official Paris 
Congress report that the discrepancy was discovered. 

International. Conditions Subsequent to the Paris 
Congress of 1900. There has been no official interna- 
tional action on magnetic units since 1900; but usage 
in electrotechnical literature has varied considerably 
as between different countries. Indeed different writers 
in one and the same country have sometimes differed in 
their use of magnetic units. In America, the custom 
has been to use the gilbert for the working unit of 
magnetic potential, the gilbert per centimeter for the 
unit of magnetizing force or field intensity H, the 
maxwell for the unit of magnetic flux ¢, the gauss for the 
unit of flux density B, and the oersted for the unit of 
reluctance; 7. ¢., for the reluctance of 1 cubic centimeter 
of free space; all in the C. G.S. system.” It has been 
recognized that the gilbert and oersted had no interna- 
tional status and had never been internationally 
adopted. In addition, however, to these more or less 
standardized working C. G. S. magnetic units, American 
electrotechnical literature contains various other mag- 
netic units; such as the ampere-turn for m. m. f., the 
line for the C, G.S. unit of magnetic flux, and the line 
per square inch or maxwell per square inch as hybrid 
units of flux density B. 

In European literature, the gauss has been used: by 
some writers as the C. G. S. unit of magnetizing force or 
magnetic field H, and sometimes as the C. G. S. unit of 
magnetic flux density B. Some writers have also used 
the gauss indifferently for both H and B. As regards 
the maxwell, the usage has been more generally stand- 
ardized, and where it has been employed, it has meant 
the C. G.S. unit of magnetic flux ¢ in nearly all cases. 
In some countries, however, the maxwell has been little 
used, being sometimes replaced by the line. The 
gilbert and the oersted have been rarely used outside of 
the United States. 


In addition to the lack of complete international 
standardization of magnetic-unit terminology, there has 
also been manifest, in literature, a lack of complete 
standardization in the definitions of the magnetic 
quantities to which the units are applied. That is to 
say, there are differences of opinion as to the “dimen- 
sions” of magnetic units, and especially as to the dimen- 
mensions of magnetic permeability u. This divergence 
of opinion exists to some extent in all countries, and toa 


7. A. I.E. HE. Trans., Vol. XVII, -pp. 543-547, Nov. 21, 
1900 and Bibliography 6. 
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considerable extent in some countries. The question 
is rendered more difficult by the fact that, as was 
pointed out many years ago by Ricker,’ it is not yet 
possible to assign dynamical dimensions, (in L, M, and 
T) to all electromagnetic quantities; so that we are 
unable at present to assign their precise dimensions. It 
is customary to express the dimensions of the various 
electromagnetic quantities either in terms of length, 
mass, time, and permeability (L M T wu) or in terms of 
length, mass, time, and electric permittivity (L M T x). 
This is equivalent to the admission that the dimensions 
of » and « are still undetermined, except that their 
geometrical mean +// « is the reciprocal of a propaga- 
tion velocity, or1/v. If, however, the dimensions of are 
zero, so that u is a mere numeric, it must follow that in 
the ordinary formula connecting magnetic force with 
magnetic flux density; 7.¢., B = wu H, the unit for B 
must have the same nature as the unit of H, and the 
same name will be applicable to both. If one of these 
quantities is expressed in gausses, the other must like- 
wise be expressible in gausses. If, on the contrary, u 
has physical dimensions, and is not a mere number, then 
B and H cannot properly be expressed in terms of the 
same unit. The question turns upon the definitions 
that are used for H and B. It is generally admitted 
that under certain definitions of B and H, their ratio u 
will be a mere numeric, while under other definitions, 
their ratio will have physical dimensions. In order, 
therefore, to secure satisfactory international standardi- 
zation of the C.G.S. magnetic units, it seems first 
necessary to reach international agreement on the 
underlying definitions of the quantities involved. 


In 1911,* the A. I. E. E. recommended the use of the 
following magnetic units, all in the C. G.S. magnetic 
system: the gilbert-per-cm. for magnetic force H, the 
maxwell for magnetic flux ¢, and the gauss for magnetic 
density B. In the A.I. E. E. Standardization Rules 
for 1914 following the vote of the Paris 1900 Congress, 
the gauss is inserted as an alternative C. G.S. unit of 
magnetic intensity H, without withdrawing the same 
name from the unit of flux density. A footnote states 
“The gauss is provisionally accepted for the present, 
as the name of both the unit of field intensity and flux 
density, on the assumption that permeability isa simple 
numeric.” ; 

Magnetic Units in “Practical” Systems. It was 
pointed out by Maxwell that{ the “practical” system 
of units forms an absolute system in which the unit of 
length is a quadrant of the earth, or 10’ meters, the unit 
of mass an eleventh-gram or 10-" g., and the unit of 
time the mean solar second.’ The discovery of this rela- 
tion theoretically placed the “practical” units upon an 
independent basis, quite detached from the’ €..G.S. 


*A I, E. E. Trans., 1911. Part III, Vol. XXX, Standardiza- 
tion Rules, p. 2564. 

{Bibliography 1. Chapter X. Dimensions of Units. 

+A. I. E. E. Trans., 1914. Part II, Vol. XX XIII, Standardi- 
zation Rules, p. 1798. 
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units. Unfortunately, the underlying unit of mass was 
so small and that of length so large, that the systematic 
use of the independent ‘‘practical’”’ system became very 
inconvenient. Thus, with the ampere as unit of cur- 
rent, the logical and systematic unit of current density 
becomes in the Q.E.S. (quadrant, eleventh-gram, 
second) system the ampere per square quadrant, or 
10-4 amperes per square meter. If the practical unit 
of density were arbitrarily taken as the ampere per 
sq. m., or the ampere per sq. cm., this would be adopting 
a hybrid unit outside of the Q. E. 8. system, and the 
simplicity inherent in a logical absolute system would be 
lost, through the necessity of introducing numerical 
coefficients like 10-4 into computations involving 
current density. Consequently, although the Q. E.S. 
system of independent absolute units including the 
‘practical’? units, has been recognized as a ‘“‘compre- 
hensive” system for nearly fifty years, no writer has 
espoused the cause of magnetic units in the Q. E.S. 
system. The unit of magnetic field intensity H would 
presumably be the ampere-turn per quadrant, and the 
unit of flux density B would be referred to unit flux per 
square quadrant. 

Giorgi System of M KS Q Units. Commencing in 
1901,* Giorgi pointed out that a rationalized absolute 
system of units could beused, including all the practical or 
volt-ampere-ohm series, by taking the meter as the unit 
of length, the kilogram asthe unit of mass, the second as 
the unit of time, and theinternationalohm. Whereas the 
C. G. 8. system was essentially dual, with a magnetic 
series and an electric series, interconnected by awkward 
coefficients of v or v? or their reciprocals, the M. K. 8. 
system was essentially single, or had only one series. 
Such a system may be described as a “‘unified’”’ system. 
The M. K. S. @ system has been favorably commented 
upont by specialists in various countries. It takes the 
permeability of free space mo as 4a xX 10-7, instead of 
unity as in the C.G.5. magnetic system, and it takes 
the specific permeability of steel or other magnetic 
medium p, as a simple numeric. It is open to the ob- 
jection that whereas the density of pure water in the 
C. G. S. system is 1 g. per cu. cm. and therefore unity, 
under proper specifications, the density of water in the 
M. K. 8..@ system is one thousand kilograms per cubic 
meter, or unit density is one thousandth that of water. 
So far as is known, no electrotechnical book has yet 
been written in the M. K. 8S. & system. 

The “International” or C. G. S. S. System. 24 In 
1916, Dellinger and Bennett suggested the “Inter- 
national’ comprehensive unified system, including all 
the “practical” units, based on the centimeter as unit of 
length, the gram-seven or 10’ gm., as unit of mass and 
the second as unit of time. This is sometimes called 
the centimeter-gram-seven-second or C. G. 5.5. system. 
Like the Giorgi system, it is rationalized, and the am- 
pere-turn becomes the rational and practical unit of 

*Bibliography 8, 9, 10, 12, 13, 14, 17. 

+Bibliography 11, 15, 16, 19, 2) 2a eos 
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m.m.f.in both. It takes the permeability of freespace 
fo as 4m X 10-*. The unit of reluctance in the Giorgi 
system would be based on the reluctance of a cubic 
meter of free space, whereas in the C. G.S.S. system, 
it would be based on the cu. cm. Except in regard to 
the fundamental units of length and mass, there seems 
to be little to choose between the two systems. On the 
one hand, the Giorgi system has the meter and kilogram, 
while the C. G. S. 8. has the cm. and the gram-seven or 
ten metric tons. The meter is preferable to the centi- 
meter as a fundamental unit of length, on account of 
having no cent: prefix to start with; but of course 
electrical workers are very familiar with the cm. by 
long habit. Again, the kilogram although encumbered 
with the prefix kilo, is preferable as a fundamental 
unit to the gram-seven. In fact Dellinger? has 
considered that in view of this awkward magnitude 
of unit mass, the C. G. S. 8. system was not adapted for 
use in general scientific measures outside of electro- 
magnetics. The unit of density in the C.G.S.S8. sys- 
tem is of course 10’ g. per cu. em., or ten million times 
that of water. A book,* pamphlets, 24> 26 8and papers 
have appeared, written in the C.G.S.S8. system; so 
that the C. G. S. S. system may claim to be a competitor 
of the M. K. 8S. Q system, as a unified, rationalized, and 
comprehensive absolute system, embracing all the 
“practical” units, and quite independent of the original 
parent C. G.S. tree. .The choice between them, if one 
or other should finally be adopted, probably lies as 
much with non-electrical as with electrical workers. 
Moreover, in addition to the M.K.S.Q and 
C. G.S.S., there are two other possible absolute sys- 
tems embracing the ‘“‘practical’’ units; namely, one 
based on the decimeter and 10° grams, the other based 
on the dekameter and dekagram. It was pointed out 
by Ascoli,* that since the kinetic energy of a mass M 
moving with a velocity V, is M V?/2 units of dynamical 
energy, and since we desire to retain the fundamental 
time unit constant, in all these systems, as the mean 
solar second, then because the joule as a “practical’’ 
unit of dynamical energy has to be conserved at the 
magnitude of 10’ ergs, we may vary the unit magni- 
tudes of M and L so long as the product M L?, expressed 
in C. G. S. values, remains constant at 10’. Hence 
if M, the mass unit, is 10” grams, and L, the length unit, 
is 10” cm., we must keep m +2n = 7. Restricting 
ourselves to positive values of m and n, 2. e., keeping 
within the range 1 cm. to 1000 cm. in L and from 1 g. 
to 10’ g. in M, we have the C. G. 8. S. Dellinger- 
Bennett system for n = 0 and m = 7; while we have 
the M. K. 8. & Giorgi system for n = 2 and m = 3, the 
meter and the kilogram; but two other possible com- 
binations are 72. = 1, m= 5.and 7 =s3, m = 1... Ina- 
*Karapetoft’s ““The Magnetic Circuit’? N. Y. 1911, although 
referring in its preface to the Giorgi system, appears to be writ- 


ten in the C. G. S. S. system and may perhaps be the first publi- 
cation in that system. 


*Ascoli M., Bibliography 16, p. 134. 
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dentally, it may be noticed that if we make n = 9 and 
m = — 11, we obtain the Q. E. S. or quadrant-eleventh- 
gram-second system of Maxwell. 

A comparative table of C. G.S., Giorgi, and C.G.S.8. 
units is appended (Table II). 

Contribution to the Discussion on Future . Desirable 
Action of the I. H.C. In what has preceded, the 
writer has endeavored to present the historical back- 
ground of the magnetic-unit situation without prejudice 
or partiality. The following remarks are, however, sub- 
mitted from the standpoint of an advocate for a par- 
ticular course of J. E. C. action in the matter, as a con- 
tribution to the general discussion. 

First. Before any definite new action is taken, it is 
desirable to standardize internationally the definitions 
of magnetomotive force, magnetizing force, magnetic 
reluctance, magnetic flux, and especially permeability, 
so as to reach international agreement upon the di- 
mensions of permeability. 

In the Giorgi and C. G.S. 8. systems, it appears that 
permeability is a product uo wu of space permeability po, 
or the permeability of a vacuum, and specific perme- 
ability u, that of the magnetic circuit with respect to 
free space. Space permeability uo will probably be 
generally admitted to have dimensions; while specific 
permeability u is probably a mere numeric. Perhaps 
on such a basis, definitions may be drawn which will 
secure universal endorsement.” 

Second. It seems desirable to revise internationally 
the assignment of names to a few magnetic units in the 
C. G.S. system. With the dimensions of permeability 
established, the question whether the gauss can apply to 
both H and Bean be decided. Concerning the maxwell, 
as adopted at Paris in 1900, there has been neither dis- 
pute nor confusion. It is true that in some countries 
the maxwell has been little used, but it has been con- 
siderably used in other countries. Its proper use should 
not be interdicted. Whatever new action may be taken 
in the near future, we must expect to see C.G.S. 
magnetic units continue to be used for a long time. 

Third. It would be desirable to accept part of the 
Italian delegation’s proposal at Bellagio in 1927, and 
adopt a “practical” unit of magnetic flux at the value of 
108 C. G.S. units; but not to call it the maxwell which 
name has been reserved for the C. G. S. unit since 1900. 
Giorgi suggested the name weber for this “practical” 
unit, in his papers of 1901-1904, and Bennett also 
suggested the name weber for the same C.G.S.S. 
“practical” unit in 1917. The name would have to be 
agreed upon internationally. For the present, we may 
call this unit the volt-second. 

It does not seem likely that the adoption of the volt- 
second, with its appropriate new name, would seriously 


conflict with the mazwell in practical use. Their mag- 


nitudes are so remote. The advantage would be that 
the path would be opened for electrical workers to em 
ploy either the Giorgi or the C. G. S. S. comprehensive 
practical system, without reference to the C.G.S. 
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units, if they desire to do so. The ampere-turn as a 
rationalized unit of m.m.f. in both these systems, 
already exists and probably needs no other name. 
The difficulty comes when an attempt is made to adopt 
the corresponding “practical’’ unit of flux density, 
whether with or without a special name. If the unit 
of flux density be chosen as the volt-second per square 
meter, !it fits into the Giorgi M. K.S. Q system, and 
virtually fixes upon that system exclusively. If, on 
the other hand, the unit of flux density is chosen as the 
volt-second per sq. em., it fits in with the Karapetoff- 
Dellinger-Bennett “International” C. G. S. S. system, 
and logically would fix upon that system. It would 
seem to be sufficient at this time, to leave the path open 
for the use of a comprehensive system, without fixing 
upon the system, or on its series of units. If, however, 
a choice should be made at once, then in the opinion of 
the writer, the meter and kilogram are to be preferred 
over the centimeter and gram-seven. 

Ifa comprehensive system such as the M. K. S. Qsys- 
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react upon the unitology of other branches, it seems 
desirable not to take final steps of change in any region, 
without giving ample notice to the workers in others. 
All are interested, in all countries. 

At present, no comprehensive system of units can 
make headway in the magnetic circuit, so long as the 
magnetic-circuit units are by international agreement 
wholly in the C. G. S. system. If a new unit of flux is 
created, with a name, in the “‘practical’’ series, that ob- 
stacle would be removed. If the comprehensive system 
utilizes this, and develops useful service to the world 
in the next few years, then subsequent I. E. C. action 
can adopt the comprehensive system, and set the 
C. G. S. system aside. If, however, for any reason the 
comprehensive system fails to find favor, the volt-second 
unit will probably not come into use, and might later 
be withdrawn. The C.G.S. system might then 
continue. . 

Remarks upon the Tables and their Contents. Table I 
gives a brief summary of the proposals made by the 


TABLE I 
SUMMARY IN BRIEF TABULAR FORM OF PROPOSALS MADE BY THE VARIOUS MEMBERS OF THEI. E. C. INTERNATIONAL 
SUBCOMMITTEE ON MAGNETIO UNITS 


1900 Paris British French German Holland Italian U: S. A. 
Quantity Congress Delegate Delegate Delegate Delegate Delegate Delegate 
Field Intensity yee gauss mascart weber gauss gauss 
4 
© 
3 Ss Magnetomotive Force § 2 
ae = 
ne a 
. & | Flux ¢ maxwell S maxwell maxwell 
mn ed 2 
o & Flux Density B B gauss maxwell /em.” gauss 
o 5B 
Reluctance R & 
q | Field Intensity H 5 (Amp. /cm.) gilbert Be 
Q iS 3 3 oH 
a f 2 2 ea 
ES Magnetomotive Force $F S conn) cS] BE! 
be S 38 85 
« <3. ns 
= | Flux b = no name (volt-second) 5 =| weberor 2° & maxwell 
S fed oe maxwell So 
as 
Q | Flux Density B = (volt-sec./em.”) 5 Ae 
é & eee 
2 © 
: Reluctance R oersted ai 


—> 


tem developed and found favor with electrical workers, 
it would greatly simplify electromagnetic theory, for 
teachers, students, readers, and writers, since we should 
all be able to abandon the existing duality of the 
C. G.§. and the derived “practical” units. It might 
well happen that the new comprehensive system would 
carry all before it, and relegate the C. G.S. system to 
history and the shelves, so far as electrical workers are 
concerned. In that case, the comprehensive system, 
being also adapted for use in mechanics, chemistry, 
optics, and all other branches of science, might readily 
invade those branches, and ultimately replace the 
C.G.S. units they use with M.K.S.© units. The 
numerical changes thus effected in tables and formulas, 
would be decimal changes, or a shift of the decimal 
point, in nearly all cases. Sucha change, if it occurred, 
would probably come very slowly, and take many years 
to effect. Nevertheless, when it is remembered that all 
science is so closely interlaced through its units, that 
what happens to the units in one branch may readily 


different members of the I. E. C. International Sub- 
committee on Magnetic Units, in their exchange of 
correspondence. It is evident that their opinions dif- 
fered widely as to what recommendation should be 
reported to the I. E. C. It is, however, needless to say 
that it is impossible to do adequate justice to a series of 
fairly long and carefully considered written documents 
in a simple skeleton chart of this kind. If it had been 
possible to hold meetings and discussions, it might have 
been possible to come to a closer range of proposals. 
The subcommittee report, however, as appended, met 
with general agreement. 

Table II offers a comparison, in parallel columns, of 
corresponding units in the fundamental C. G. S. mag- 
netic system and three “‘practical’”’ systems, i. €., the 
Q. E. S. system of Maxwell, the Giorgi system, and the 
more recent “International” system of Dellinger, Ben- 
nett, and Karapetoff. The C.G.S. electrostatic system 
has been omitted to save space. 

All three “practical” systems are represented as being 


* 
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TABLE II 
TABLE OF FUNDAMENTAL C. G. 8. UNITS AND OF THREE. DERIVED “PRACTICAL” SYSTEMS 
Fundamental Practical > 
Q.E.S In M. K. 8. @ O,G/ axes. In 
No. Quantity Symbol C.G.Ss Maxwell,1881 O:G:S°U. Giorgi, 1901 C.G.S.U.} Dellinger-Bennett |O.G.S.U. 
I II III IV Vv Vil IX x 
Mechanic 
Li Length... (oaitiakeecank L em. quadrant meter cm. 1 
9) Mase sn. ee ene ne M g. eleventh-g. 10-11 kilogram g.-seven 107 
3B» | TAM Os sci5,40.5 airore ale ohare Te second second 1 second second 1 
& Dt Area coe. | Ace meted S cm.” sq. quad. 1018 m2 cm.” 1 
Dipl VOLUIMIC Ke dane tena V cm.® cubic quad. 1027 rae cm.® 1 
6> || Density a.cehensrieee er dor p gm./cm.* eleventh g/quad.*} 10-% kg/m.8 g-seven/cm.? 107 
TY INelocity:.:.. hee eee ee v cm./sec. quad./sec. 10° m/sec cm/sec. 1 
8. |Acceleration.........%-. 0. a cm./sec.” quad. /sec.? 10° m/sec.” cm/sec.” 1 
9” a Forces 258 Se ba eet ee F dyne . centidyne 105 dyne-five dyne-seven 107 
10. ||Pressure #5 scene eos, <4 p dyne/sq. cm. entdyne/sq. quad.| 10-29 dyne-5/sq. m. dyne-7/sq. cm. 107 
i) VE Ordue sce cere coe Q dyne £ cm. cntdyne 1 quad. 107 dyne-5 1 m. dyne-7 1 cm. 107 
12 |Moment of Inertia...... J g.-cm.” 11th-g-quad.? 107 kg-m.? g-cm.” 1 
Energetic 
13, SEW OL cee ee WwW erg . joule 107 joule joule 107 
14. \\|\Power:s 2a eee P erg/sec. watt 107 watt watt 107 
Thermal 
15)+;|| Heater see eee ees H g-calorie 11th-g-cal. 10-11 kg-calorie g-calorie 1 
16 |Temperature........... tor T Deg. C. or Abs. Deg. C. or Abs ik Deg. C. or Abs. Deg. C. or Abs. 1 
Luminous 
7 NEVO Pictu: sees eae F lumen lumen 1 lumen lumen 1 
18) Gibluminations seen see E phot lumen/quad.” 10-38 lux, lumen/m.? phot 1 
19% (intensitye.a. seca ee VE int. candle int. candle 1 int. candle int. candle 1 
200 Brightness sa satanic ee B candles/cm.” candles/quad.” 10-38 candles/m.? candles/cm.? 1 
21.) | Pocal Power. ee eee: em.~! quad,-! 10-9 diopter em.~! 1 
Electric 
22 |Electromotive Force.... E abvolt volt 108 volt volt 108 
23 +|EI: field intensity....... eor V abvolt/cm. volt/quad. 10-1 volt/m. volt/em. 108 
24° Resistance. 4.0. acon R abohm ohm 10° ohm ohm 10° 
25) Resistivity. «...600 oe ee p abohm-cm. ohm-quad. 1018 ohm-m. ohm-cm. 10° 
26% NOurtents ot. ee eee ee I abampere ampere 10-1 ampere ampere 10-1 
27 |Current density......... i abamp/cm.? amp./sq. quad. 10-19 amp./sq. m. amp./sq. cm. 10-1 
28 |Conductance........... G abmho mho 10-9 mho mho 10~° 
29° \Conduetivity:..... 4:.- ¥ abmho/cm. mho/quad. 10-18 mho/m. mho/cem. 10-9 
a0, Ee Quantityaccseem etic Q abcoulomb coulomb 10-1 coulomb coulomb 10-1 
31 |El: Displacement....... D abcoulomb/cm.2 | coulomb/quad.” 10-19 coulomb/m.? coulomb/cm.? 10-1 
32) Cavacitances set ener C abfarad farad 10~° farad farad 10-° 
1 109 
$3" |Permittivity,.....-..+-: Ko (abfarad/em.) = 1] farad/quad. =, aia farad/m. = farad/cm. dwt 
34) | Prequeney.. see f cycle/sec. cycle/sec. 1 cycle/sec. cycle/sec. 1 
Magnetic 4g 4a 
35 |Magnetomotive Force .. F gilbert amp.-turn 10 amp.-turn amp.-turn 10 
36 |Mag:fieldintensity..... H gilbert/cem. amp-turn/quad. 47/10!% amp-turn/m. amp-turn/cm. 47/10 
37 |Space Permeability..... Mo abhenry/cm. henry /quad. 1/4n henry /m. henry /cm. 109/4 + 
38 |Magnetic Flux........7. ® maxwell volt-second 108 volt-second volt-second 108 
39 |Mag. Flux Density...... B maxwell /em.” volt-sec. /quad.? 10-10 volt-sec./m.? volt-sec./em.? 108 
AQ) ||(Permeance., aes. a2 e (oersted) - henry 10°9/4 + henry henry 109 /4 x 
Ail’ + |\Reluctanee: 24.1112 oerese R oersted yrneh 4 7/109 yrneh yrneh 4 3/109 
49 sulinductaneeysy.een ooo 1G abhenry henry 109 henry henry 10° 
43 |Magnetization.......... Ti volt-sec./quad.? |10-!9/4 7 volt-sec. /m.” volt-sec./em.2_| 108/4 + 
44 |Magnetic Pole.......... m maxwell/4 x volt-sec. 108 x4 + volt-sec. volt-sec. 108 X4 3 
Chemical 
45 /|Electrochemical Equiva- 
Ln Ren et oe nue ee g/abcoulomb 11th-g/coulomb 101° Kg/coulomb g-seven /coulomb 10-8 


rationalized by the removal of the 47 factor from 

magnetomotive force and inserting it into reluctance, so 

as to keep the unit of flux correct. This method of 

rationalization did not become available until about 

1893, and did not appear in the original scheme of Max- 

well; but the comparative relations of the three systems 

are best presented by applying the same rationalization 

to all alike. Likewise, all three are presented as unified 

systems through the Giorgi device of adopting suitable: 
values for the space coefficients ko and po. 

The units appearing in italics in the table have names 
that have been internationally adopted, or may claim 
to have met with international recognition. The names 
in Roman type, on the contrary, have not been adopted 
internationally, or are descriptive only. 


The numerical values appearing in Columns VI, VIII, 
and X indicate the number of C. G. 8. units contained 
in the practical unit considered, except in the case of 
Ko, No. 88, which gives the values of that coefficient in 
the three different “‘practical’’ systems. 

It will be observed that all three “practical’’ systems 
have the following electric, magnetic, and energetic units 
in common: the joule, watt, volt, ohm, ampere, coulomb, 
henry, and ampere-turn, if the last named may be prop- 
erly regarded as an international unit. In many of the 
other units, however, characteristic differences of mag- 
nitude appear. Since it is unlikely that anyone will 
recommend the Q.E.S. system for practical use 
throughout, owing to the very awkward values of its 
length and mass units, we may confine attention to the 


t 
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TABLE III 
NUMERICAL VALUES OF SPACE PERMITTIVITY ko AND OF SPACE PERMEABILITY 40 IN THE Q. E. S., M. K. S. Q 
AND C. G. S. 8S. “PRACTICAL” SYSTEMS 
on = 9 m= —11 n=2 m=3 |n=0 nv = 7 
Qi E. 8. Mi Ks S. 7 Cc. G. S. S. or ‘‘International’’ 
Maxwell, 1881 Giorgi, 1901 | Dellinger-Bennett 
Sraceay 1 107 109 
Space Permittivity Ko 2 3 
4a DD 47 v Alig pe 
with v = 29.98 with v = 2.998 x 108 with v = 2.998 x 101° 
8.85 xX 10-5 8.85 x 10-” 8.85) 10-4 
Space Permeability Ko 4x 4n X 10-7 4” X10 
12.566 1.2566 x 10- 1.2566 xX 10-8 


= 


———— 


*All of the ‘‘practical‘‘ units thus far (1929) adopted internationally conform to any one of a theoretically infinite series of 


LM (T = 10sec.) systems, in which L = 10” cm., and M = 10” ¢.; 
It seems, however, that the international adoption of a corresponding 


practical unit of flux does not affect this generalization. 


such that 2n +m =7. The adoption of the ‘‘volt-second’ 


‘“‘practical’’ unit for either H or B will logically select the particular ‘practical’ system, as M. K. 8. g or C. G.S. S. for the entire 
series of Table II, according as the meter or centimeter is taken for length and cross-section. 


‘'M.K.S.@ and C.G.S.S. systems, in Columns VII 
and IX. 

Among the electric and magnetic units, 22 to 44, 
inclusive, there is not much to choose between the two 
systems of Columns VII and IX. Indeed, electrical 
workers may prefer the centimetric values of Col. 1X to 
the metric values of Col. VII, because by long familiar- 
ity with the fundamental C. G.S. system, the centi- 
metric operations are familiar. There is likewise little 
advantage on either side in the thermal and luminous 
lists. The principal differences are found in the me- 
chanic series, particularly in Mass and in Density, Nos. 
2 and 6. Here the M..K.S. 2 system has distinct 
advantages. The unit mass of ten metric tons, or 10’ 
grams, is a serious handicap to the C. G.S.S. system. 
Consequently, if the ‘practical’ system were restricted 
entirely to the use of electrical workers, with problems 
involving mass seldom presenting themselves, either of 
the two systems might be adopted, to the ultimate ex- 
clusion of the fundamental C.G.S. system. There 
might then be two remaining systems in scientific work, 
one the “practical’’ system for electrical workers, and 
the other the C. G. S. system for non-electrical workers, 
or all other scientists. It seems more likely that the 
M. K. S. 2 system would gain the favor of all the non- 
electrical workers, than the C. G. S. S. system with its 
large unitary mass. In other words, the greater hope 
for a final single scientific system of units in the distant 
future, seems to lie on the side of the M. K.S. © sys- 
tem. At all events, this question deserves careful con- 
sideration before a “practical” unit of magnetic 
intensity H, or flux density B is internationally adopted. 

Table III presents the numerical values of Ko and [Mo 
in the three “‘practical’’ systems. 


Appendix 
REPORT OF INTERNATIONAL SUBCOMMITTEE ON 
MAGNETIC UNITS 

To Dr. C. O. Mailloux, President, I. E. C. Committee 
on Nomenclature— 

The Subcommittee on Magnetic Units has considered 
the questions proposed to it at the Bellagio meeting of 
1927, as follows: 


(1) In view of certain differences of usage of the 
magnetic unit gauss in different countries, can we recom- 
mend any action directed towards unification of usage 
in the future? 

(2) In view of the communication of the Comité 
Electrotechnique Italien [1 (Italy) 27], presented at 
Bellagio, what recommendations are we able to make? 

The subcommittee has discussed these questions by 
correspondence only. 

The subcommittee recommends (1) that steps 
should be taken towards unification of the definitions 
of the magnetic units and of their names. The sub- 
committee has not yet been able to arrive at an agree- 
ment on the specific steps that should be thus taken. 
It recommends that the Committee on Nomenclature 
of the I. E. C. should place this important question on 
the agenda for its next international meeting, and should 
seek to elicit discussion upon the question in the various 
national committees, in advance of the meeting, so as 
to pave the way for well considered international 
action. 

(2) The subcommittee is unable to recommend the 
suggestion in the proposal of the Italian Committee 
[1 (Italy) 27], to change the name maxwell from the 
C. G. 8. U. of magnetic flux ¢ to the “practical” or volt- 
ampere-ohm unit of magnetic flux ¢, in view of the dis- 
location in understanding of electromagnetic literature 
that might thereby be brought about. 

Signed 
W. H. ECCLES 
P. JANET 
A. E. KENNELLY, Chairman, 
L. LOMBARDI 
MITKIEVITCH 
K. STRECKER 
G. J. VAN DE WELL 
24th September, 1929. 
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Discussion 


W. J. Shackelton: The American Society for Testing 
Materials has a standing committee whose responsibility it is to 
formulate specifications describing approved methods of testing 
materials for such magnetic properties as are of mutual concern 
to the two major classes of its members, that is to say, to sup- 
pliers and consumers. The use of such uniform methods in the 
inspection of material supplied under a specification of mag- 
netic quality is a matter of practical necessity. In its work this 
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committee, of course, has had to use magnetic units and for 
many years has recognized that the situation with respect to 
definitions and names has not been a very happy one. This 
is well brought out by the historical outline contained in Dr. 
Kennelly’s paper. 


Some three years ago the committee, in view of its special 
needs, undertook a compilation of a glossary of the commonly 
used magnetic terms with their definitions. The result of this 
undertaking has been: 


1. The publication in 1927 of a preliminary list of terms and 
definitions on which criticism and comment were requested. 


2. The publication in 1928 of a revised and enlarged list, 
also as a matter of information and comment. 


3. The publication in 1929 of the list again slightly revised as 
a tentative standard of the society. 


Quite recently this list has been submitted to the newly formed 
Sectional Committee on Electrical Definitions of which Dr. 
Kennelly is the chairman. 


The A.S.T.M. Committee throughout its study of the 
subject has approached the problem from the standpoint of 
selecting wherever possible that which is most nearly representa- 
tive of good general practise now prevailing. In the matter of 
units it found that there was a sufficiently well defined usage to 
indicate which should be formally recognized. These, of course, 
do not include the ‘“‘ampere-turn”’ or the ‘‘volt-second,” although 
the committee recognizes that these units have some distinctive 
merits. On the question of definitions, however, no substantial 
agreement could be found in the literature; a situation which is 
also pointed out by Dr. Kennelly. It was necessary, therefore, 
for the committee to strike out to a certain extent for itself, and 
after a considerable amount of discussion among those evidencing 
an interest in the subject, the definitions as published were set up. 

In the light of our experience in this connection I can definitely 
second Dr. Kennelly’s conclusion as to the desirability, in fact 
I should say the necessity, of obtaining agreement on definitions, 
at least of magnetomotive force and magnetic flux, before 
much lasting progress can be made toward a uniform system of 
units and names. Comparing the tentative definitions of the 
A. S. T.. M. with the specific proposals made by Dr. Kennelly, I 
do not find any conflict in substance. It may be that all will not 
wish to subscribe to these definitions exactly as now worded, but 
it would seem that they might well serve as a starting point for 
the general agreement which it is so desirable to have. 

M. G. Lloyd: Dr. Kennelly has pointed out the different 
views with respect to the unit in which H should be measured, 
and it seems to.me those different views are perhaps rooted in a 
difference in the idea which is represented by this symbol H. 
I think there are two distinct things represented by that symbol 
in different cases, and because they have the same numerical 
value they have been confused. 

In Table II, on the seventh page of the paper, Item No. 36 
is listed as magnetic field intensity and the symbol H is 
given and the unit is given as gilbert/em. If H represents the 
resulting flux in air it seems to me it has the same dimensions as 
B and should be measured in the same unit. They are both 
flux densities. One is in air, or in a vacuum perhaps, which has 
a permeability one which we have assigned to it. The other is 
in a medium of different permeability, but in each case there is a 
resultant flux, which has a flux density. Because the perme- 
ability happens to be unity in one does not make it disappear 
in terms of dimensions. The magnetic flux density in air has 
the same dimensions and can be measured in the same unit as 
magnetic flux density in iron. 

However, gilberts per em. is a different quantity, if permea- 
bility has dimensions. Different people have called them both 
H. Perhaps the same person has called them both H. Possibly: 
we need to distinguish between our gilbert/em., the magneto- 
motive force per unit length, and the resultant flux from it in 
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the medium which has permeability unity. 
that difficulty is at the root of the confusion. 

I want to endorse the recommendation of the committee, that 
if a different unit is wanted for the magnetic flux we should not 
attempt to carry the term now well known over to a new mag- 
nitude, but we should find a new name for that new unit, and 
let the maxwell either be continued as it is at present, or for- 
gotten if we all come to another unit. 

C. L. Dawes: During the last fifteen years immense progress 
has been made in the matter of international standardization, 
and it comes, I believe, as a distinct surprise to a number of us to 
learn that no international agreement has as yet been reached in 
the definitions of such very fundamental scientific quantities as 
magnetic units. It appears that the first attempts to define 
electrical quantities were made as far back as 1861, and the first 
specific attempts to define magnetic quantities were made in 
1889. Although various conferences for standardizing units 
have been held over a period of forty years, such fundamental 
quantities as magnetic units have not as yet been standardized 
internationally. 

The purpose of this paper, as is stated by Dr. Kennelly, is to 
obtain individual opinions from members of the Institute on 
three specific recommendations which he proposes. With any 
substantial support by Institute members and other scientific 
organizations, he may be able to effect an agreement with the 
other members of the International Subcommittee, on certain 
definitions, and hence make a beginning, at least, toward in- 
ternational accord on magnetic definitions. I personally am 
in hearty agreement with ald three recommendations. 

Referring to the first suggestion, dimension, I believe, should 
be assigned to the quantity uw. The fact that the dimensions 
of a quantity cannot be expressed immediately in the funda- 
mental units of length, mass, and time does not mean neces- 
sarily that the quantity has no dimension, but rather that 
our present knowledge is too inadequate to assign dimensions. 
For example, many believe that temperature has dimensions, 
but so far, dimensions in units of length, mass, and time cannot 


be assigned to it. We also know that ¥ mk, where kK is dielec- 
tric constant, is equal to the reciprocal of a velocity which has 
dimensions. This implies that is dimensional. Hence, in 
view of the present limits of our knowledge, I believe that it 
would be safer to consider uw a dimensional quantity, and if at 
some future time it is found to have no dimensions, the quantity 
could then be considered a numeric, without any harm having 
been done. If then, mu is considered as a dimensional quantity, 
B and H cannot have the same dimensions. I agree absolutely 
with Dr. Lloyd that most of the confusion in considering B = H 
comes from the fact that the gilberts per cm. are equal numeri- 
cally to the flux density in air. If the fact that these quantities 
are only equal numerically, were clarified, I believe that most 
of this confusion would disappear. This may be done very 
readily by adopting the suggestion of Dr. Kennelly in assigning 
to free space a permeability fo, a dimensional quantity, and 
considering pu, relative permeability, a mere numeric. In the 
second suggestion Dr. Kennelly asks merely that the name 
maxwell be applied to the unit of flux and he feels that.the other 
members of the committee would concur in this. In view of 
accepted usage in this country,'I do not believe that any objec- 
tion can be raised to this. Moreover, I believe that the further 
recommendation should be made that the unit of flux density 
be called the gauss. 

The third suggestion refers to a proposal by the Italian dele- 
gate that the name volt-second (= 10% c. g.s. lines) be applied 
to the practical unit of magnetic flux. 

In international conferences of any character, it is usually 
necessary that everyone make some concessions. We are asking 
that names of units which have acquired usage in this country 
be applied to some of the magnetic units, and delegates from 
other countries are asking consideration of their reeommenda- 


I think perhaps 
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tions. Hence, I not only see no harm in accepting this termi- 
nology proposed by the Italian delegate, but feel that this country 
should weleome such a practical unit. Moreover, if agreeable 
to the committee I should be in favor of calling this unit the 
weber. This unit is advantageous in that it eliminates the 
factor 108 which enters so many engineering calculations. 

The opinion has been expressed that if such a practical unit _ 
were adopted, the fundamental c. g.s. system would thereby 
be eliminated. From its very nature, it is almost impossible 
to eliminate any fundamental system of units. As Dr. Kennelly 
has said, if this ever should happen, it would be at a remote 
period and I do not believe at this time that we need be con- 
cerned with it. 

This paper, by outlining so concisely the history of the develop- 
ment of magnetic units and by focusing attention on their 
present status, should give a much needed impetus to a final 
standardization of magnetic units internationally. 


F. W. Gay: The use of units to be employed in any given 
instance has often been considered as merely the matter of 
placing a decimal or the question of whether the multiplier 
between units should be 10, 12, or some other number. 

There are far greater basic factors affecting the choice of 
units. These factors may perhaps be arranged in two great 
groups. 

1. Psychological. It is undoubtedly a fact that for any 
particular class of work there is a particular dimension for the 
basic unit which will give the best result in aiding the engineer 
or practical man in his calculating work. A smaller unit would 
give too large a figure for ready mental calculation while a 
larger unit would often drive him to the use of decimals. 

2. Practical. It is quite possible that an entirely different 
unit may be desirable from the standpoint of the workman who 
performs actual mechanical work, since he does little figuring and 
is only interested in the meeting of dimensions within the re- 
quired tolerance. 

As an example of the first instance it might be stated that 
the centimeter has not proved the equal of the inch in ordinary 
magnetic calculations involving design work. The unit appears 
to be so small that the figures which must be mentally multi- 
plied and divided are too large for the mental arithmetic of the 
ordinary engineer. The inch appears to be a much better unit. 

As an example of the second sort it might be wise to consider 
the industrial prosperity of the United States. The unit of 
measurement which has given the United States its present 
industrial position is the mil, the one thousandth part of an inch. 
The fact that years ago the American workmen set up the milasa 
tolerance standard to work to and the industrial manager has 
determined to obtain a high output accurate to one mil, has 
resulted in the interchangeability of parts and all that such 
interchangeability means. 

If we look abroad we will find that the metric system either 
has a logical tolerance value approximately four times as great 
or only four-tenths as great as our mil. It is well known that 
the Swiss workman works to the smaller tolerance unit, that is, 
he works to a much greater accuracy than that used in the 
United States. His workmanship is very fine but his output 
is so small that it will not compete with the output of the United 
States in the same line of work. In some other foreign countries 
the tolerance standard is four times as great as in the United 
States, that is, it is approximately four mils and this degree of 
tolerance is so liberal that interchangeability of parts is not 
possible. In consequence it is necessary to fit articles by hand 
and costs are correspondingly inereased. 

Of course it can be argued that even tolerances are not neces- 
sary. The fact nevertheless remains that they are convenient 
tolerances, which are automatically set up as standards once a 
system is chosen. 

It is altogether possible that the standards of workmanship 
obtainable in the United States will be pushed up so high that 
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a tolerance of four-tenths as great as at present can be used with- 
out a great increase in cost per unit. However, it would seem 
that we are a long way from such a desirable condition and hence 
we are a long way from the time when the metric system should 
be adopted as our standard. 

In conelusion we should like to point out that it is more 
important for foreign countries to change to a commercially 
sound and practical system of measurements than for the 
United States to change. It is undoubtedly desirable that an 
international system should be adopted; but the possibilities for 
good or evil both upon the engineers who must think in the sys- 
tem and upon the morale of the workman who must work in the 
system are so great that the prosperity of a nation may be 
seriously affected by an unwise choice. 

When the electromagnetic fundamental units have once 
been standardized it might be wise to carry forward time studies 
looking towards picking a practical system of magnetic units 
based perhaps on the ampere turn and the reluctance of a cubic 
inch of air. 

V. Karapetoff: I most heartily second Dr. Kennelly’s wish 
that a new unit of flux be introduced to agree with the practical 
ampere-ohm system of units in general use. The question 
whether it should be called the weber or the volt-second is not so 
important, although I have used the term weber in my ‘‘Magnetie 
Circuit’? (McGraw-Hill) since 1911. 

I should like to go a step further and ask that the ampere-turn 
be recognized as the practical unit of magnetomotive force, 
because this would automatically fix the magnitude and the 
physical dimension of permeability. The fundamental equation 
of the magnetic circuit, corresponding to Ohm’s law in the elec- 
trie circuit, is 

= MP (1) 
where @ is the flux, M the magnetomotive force, and P the 
permeance of the circuit. For a circuit of uniform cross-section 

Pea irAy (2) 
where 1 is the length, A the cross-section of the circuit, and u 
its absolute permeability. Substituting this value of P from 
Equation (2) in Equation (1) and dividing both sides by A, gives 

6/A =uUM/I (3) 
or simply 

yu = B/H (4) 
Thus, the dimension of pu is the ratio of those of Band H.. If B 
is expressed in volt-seconds per sq.em., its dimension is 
RIT L~, where J is the dimension of the current and RF that 
of the electrical resistance; L and T are length and time respec- 
tively, and with their units we are not here concerned. The 
dimension of H in ampere-turns is J L-1. Therefore, the dimen- 
sion of & in the practical ampere-ohm system is 

w=RT CS (5) 
and not a numeric (‘‘The Magnetic Circuit,” p. 263). We may 
now put 

Mo = Mr Mo (6) 
where is the relative permeability of a material and M,is the 
absolute permeability of vacuum. In this manner, the usual 
values of us can be retained, only they become values of relative 
permeabilities whose dimension is a numeric. 

Professor McKeehan’s argument that the physical dimensions 
of B and H are the same, because of the formula 

B=H+47/d (Z) 
is not convincing. This formula was originally deduced on the 
supposition that » = 1. In any other system of units the 
formula would read 

B= py Hh Bhd (8) 

I was surprised to learn from Dr. Kennelly’s computations 
that the unit of mass in the system of magnetic units which I 
have been advocating and using for over twenty years is ten 
metric tons. To me this simply shows that in framing a con- 
venient system of electric or magnetic units, a convenient unit 
of mass or length is not essential, because it is so seldom used in 
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conjunction with electric units. It is better to have a convenient 
system of electric and magnetic units, and to use a decimal 
factor for the mass when it comes in on rare occasions, than 
to be forced to a system of inconvenient electric units for the 
sake of basing them on the centimeter and the gram. 

No one deplores the existing multiplicity of magnetic units 
more than I do, yet looking back upon the progress of our art 
and of the adjacent branches of physics, it does not seem to me 
that the progress has been materially impeded by a lack of 
agreement about units, nor that serious misunderstandings have 
ever arisen in this respect. I am not trying to belittle the 
praiseworthy efforts of Dr. Kennelly and his colleagues on the 
I. E. C., but partly to re-assure outsiders that no critical (or 
near-critical) situation exists, and partly as a possible explanation 
of the exceedingly slow progress made by the Commission with 
respect to magnetic units. Had an urgent need existed for an 
agreement in regard to magnetic units, I am sure that speedier 
progress would have been made. 

The real situation is that each group of workers using magnetie¢ 
quantities employs a few units which it finds convenient, and 
is not troubled by the fact that the corresponding unit of length 
in that system is one-quarter of the terrestrial meridian, nor 
that the density of water comes out to be quite an unusual figure. 
Much work is done in algebraic symbols, without even specifying 
the system of units used, and the results are usually correct in 
any consistent system of units. 

It seems to me that the problem of units could be considerably 
simplified if we-agreed beforehand to accept a unit with all its 
multiples and submultiples in powers of ten as belonging to the 
same system. For example, I see no particular reason for argu- 
ing whether the meter or the centimeter is preferable as the 
fundamental unit of length. In applications we have to use 
lengths from billionths of a millimeter to billions of kilometers, 
and yet no confusion arises because all these lengths are con- 
nected by simple factors equal to ten to some integral power. 
The same applies to the electric and magnetic units, and I see 
no valid reason for arguing whether the maxwell or the weber 
should be the fundamental unit of flux, as the two are connected 
by the factor equal to ten to the eighth power. No matter 
which one is decided upon, both will be used in applications, as 
well as kilo-maxwells, mega-maxwells, milli-webers, ete. I may 
be missing an essential factor from the point of view of the 
general philosophy of units, but from the standpoint of a user 
I am only mildly interested as to which of the two is decided 
upon. Of course, re-naming the bigger unit the maxwell is 
like re-christening the Washington Monument the Lincoln Monu- 
ment, and the proposal will never be approved by a judicious 
and conservative body like the I. E. C. 

When, however, it comes to units whose ratio is 3 x 10” 
or 477, the situation is more troublesome, and I heartily support 
Dr. Kennelly’s recommendation that the whole question of the 
theory of the magnetic circuit be first gone over, especially with 
regard to the physical dimensions of permeability, which is 
really the erux of the whole situation. The commission should 
state that B is to be measured in flux units per unit area and 
H in current-turns per unit length; this will at once give physical 
dimensions to the absolute permeability, and will permit dif- 
ferentiation between the absolute permeability of a medium and 
its relative permeability with respect to that of the air, as I 
showed above. The numerical value of the absolute permea- 
bility of the air (or vacuum) will still depend upon the system 
of units used. ; 


Dr. Kennelly dismisses the ¢. g.s. electrostatic system from 
his considerations, and perhaps he is right in so far as its use in 
power engineering is concerned. However, it is also of im- 
portance to consider the needs of physicists. At least I, for one, 
have always considered that the functions of the government 
delegates to the I. E. C. included the needs of pure science as 
well. Moreover, the progress of the engineering art is essentially 
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determined by advances in physics and chemistry, and it would 
be quite unfortunate if the final definitions and units adopted 
by the I. E. C. were not acceptable to research physicists. I 
hope that in the final draft of his paper Dr. Kennelly will inelude 
the history of the two other systems of units now largely used in 
books and articles on theoretical physics, namely the Gauss 
system! and the Heaviside-Lorentz system.? The first system 
permits the use of the electric quantities in an electrostatic 
system of units and the magnetic quantities in an electromag- 
netic system of units, in the same equation. The second system 
accomplishes the same purpose and also enables us to avoid an 
“eruption of 4 77’s.”’ 

With the advent of the electronic theory and with a growing 
interest in electromagnetic waves in space, equations are used 
more and more in which electrostatic quantities, such as the 
charge on an ion and the electric field intensity, are combined 
with magnetic quantities, H and B. Therefore, in considering 
various systems of magnetic units it is essential, for the sake of 
future workers, to provide convenient relations with electrostatic 
quantities. The Gauss system is largely used by mathematical 
physicists; therefore, it is only a question of time when research 
engineers will also be using it in continuing and applying the 
work of physicists to their problems. As a rule, it does not do 
to anticipate a system of units ahead of its actual use, but here 
we undoubtedly are facing an inevitable invasion and it may be 
wise to be prepared for it. 


I sincerely hope that the I. E. C. will adopt the policy of 
“decimal families of units,’ not insisting on a particular unit, 
but including all its multiples and sub-multiples in powers of 
ten as well. I also hope that the status of the absolute perme- 
ability and absolute permittivity will be settled at least in so far 
as recognizing them to be dimensional quantities and not pure 
numerics. 


Edward Bennett: (communicated after adjournment) The 
status and the historical background, not only of the magnetic 
cireuit units, but also of the proposals looking to an agreement 
as to the units of length, mass, and force in the system of inter- 
national units are so clearly and fairly presented in Dr. Ken- 
nelly’s paper that his plea for full discussion to pave the way for 
well considered international action should meet with the 
heartiest response. My discussion will be confined to the 
principles which should be applied in passing upon the merits 
of alternative proposals and to some comparisons in the light 
of these principles. 

The aim in devising a comprehensive system of units is to reduce 
mental effort in the fields of thought which have been explored, 
in order that men may be free and fresh for adventures in virgin 
fields. 

Importance of Unencumbered Formulas. In the devising of a 
system of units, the process is to adopt the smallest possible 
number of arbitrarily defined independent units to serve as the 


_ fundamental units of the system, and to define the units for all 


other physical quantities in the simplest and most comprehensi- 
ble manner by means of these fundamental units. The scores 
of units which in this manner are defined by reference to the 
fundamental units are called the derived units of the system. 

Now the unit for one physical quantity can be defined in 
terms of other physical quantities only by means of known 
relations between the quantities. Accordingly, the use of a 
system of derived units makes it possible to reduce mental 
effort, provided these known relations are properly utilized in 
defining the derived units. Proper utilization means that the 
derived units must be so defined that the important equations, 
or formulas, used in predicting the values of unknown quantities 
are not encumbered by needless or perplexing factors which are 
burdensome to the memory.: 

1. Geiger und Scheel, Handbuch der Physik, Vol. 16, 1927, pp. 4 to 13. 


2. Leigh Page, ‘‘Introduction to Theoretical Physics.”’ 1928, pp. 424 
aud 432. 
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The difference between thinking in terms of the haphazard 
set of arbitrarily defined units of a primitive culture and in terms 
of a system of derived units is this: In the former case, every 
quantitative relation or formula is the expression of an empiri- 
cally or experimentally determined relation, and consequently 
every formula is encumbered with a non-significant numerical 
factor. In the latter case, the experimentally determined 
relations are so used in defining the quantities and in defining the 
units as to leave many of the important formulas free of encum- 
bering factors. In other words, those relations which are matters 
of definition are made to play a simplifying role. The difference 
between the two situations, thinking in terms of encumbered 
and unencumbered formulas, may seem slight. But it may be 
recalled that the Scriptures portray the prophet of old as smiting 
with his rod to cause the life-giving water to flow from the rock. 
Well, the prophet of today is the scientist, the formulas consti- 
tute his rod, and encumbered formulas make an ineffective rod,— 
at least for the minor prophets. 

Any system of units falls short of the ideal to the extent to 
which it is encumbered by the presence of needless numerical 
factors in the formulas expressing the relations between 
quantities. 

Importance of Units of Convenient Size. If the first desider- 
atum in a system of units is that the formulas of the system 
shall be unencumbered, certainly the second is that the units for 
which the formulas have been written shall be of such a size as 
to lead to convenient numerical expressions for the quantities 
dealt with in the shop, the laboratory, and the market. It is 
particularly desirable that the formula units of the quantities 
dealt with in the every-day affairs of the common life of the 
community shall be of convenient and readily comprehensible size. 

In this discussion, it is important to have a clear understanding 
of the term formula unit. In the formulas of a comprehensive 
and completely consistent. system, any physical quantity such 
as length,—no matter in what formula it appears, whether in a 
formula for area, velocity, force, energy, temperature gradient, 
electric intensity, or what not,—will always be expressed in the 
same unit, say the meter. This unit is termed the formula unit 
of length in that system. 

If past experience with systems of units teaches any lesson 
it is that the formula units of any comprehensive system cannot 
all be of convenient magnitude for the varied needs of the shop, 
laboratory, and market. For example, if the formula unit of 
length is the meter, men may be expected to measure cloth and 
town lots in meters but they can not be expected to dimension 
machine shop drawings or talk about the thickness of paper, or 
automobile speeds, or city to city distances in meters. As 
further illustrations: 

The joule or the watt-second is not a convenient unit for use 
in billing energy and so energy is measured and billed in kilowatt- 
hours. 

Transformers are rated and sold in terms of kilowatts or 
kilovolt-amperes. 

Condensers are rated and sold in terms of microfarads. 

Machine shop drawings are dimensioned in millimeters. 

Insulation resistances are stated in megohms and metallic 
resistivities in microhms. 

And so it happens that no matter how eomprehensible the 
formula units may be, a great number of shop, laboratory, and 
market (s.l.a.m.) units will come into use. There is not the 
slightest possibility of preventing these s. lja.m. units from 
springing into use. Nor should there be any desire to suppress 
or to discourage their use, provided, 


1. That these s.l.a.m. units are decimal multiples or sub- 
multiples of the formula units, 

2. That the ratio of each s.l.a.m. unit to its corresponding 
formula unit is unambiguously shown by a consistent use of 
the system of decimal prefixes in forming the name of the 
s.l.a.m. unit from that of the formula unit. 
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The lesson from these illustrations is that the use of decimal 
multiples and submultiples of those units which are of incon- 
venient size for the transactions of commerce is readily accepted, 
or is an easy thing to bring about. The appearance of the 
prefix micro, milli, or kilo in the name of as. 1. a. m. unit does not 
militate against the use of the unit by the uninformed man in 
the shop, laboratory, and market. To the uninformed man, 
the prefix ‘‘kilo” is a part of the name, and the two syllables 
mean no more to him than do two syllables in any polysyllabie 
name. But to the informed man, the prefix ‘“‘kilo” should not 
be a part of the name of the unit. The use of the decimal pre- 
fixes should be so consistent, that the informed man may always 
treat the prefix as a part of the nwmeric, and may always regard 
the name following the prefix as the name of the formula unit 
of the system. : 

Since there are gaps in the list of decimal prefixes, | venture 
to propose that these gaps be filled by the prefixes which are 
printed in italics in Table I. 


TABLE I 
DECIMAL PREFIXES FOR FORMING THE NAMES OF THE 
8.L. A.M. UNITS FROM THE FORMULA UNITS 


Subdivisions Multiples 
Prefix Symbol Multiple Prefix Symbol | Multiple 

deci de Ome deka dk 10 
centi c Ome hekto hi 10? 
milli m or ml 10-4 kilo k 103 
demil* dml 10-4 myria my 10 
cemilt cml 107° penta4 Dp 10° 
micro yw. or me 105° mega mg 106 
billit bl 10-9 kilomega kmg 10? 
Micro micro§ pe wor 

meme 10m mega mega| mgmg nO be 


*from decimilli. 

tfrom centimilli. 

tbilli from billionth, the alternative is the Latin-Greek hybrid ‘‘milli- 
micro’’ mlmce. 

§trilli (tr) from trillionth, may be considered as an alternative to micro 
micro. 

{the Greek ‘‘penta’’ suggesting the exponent 5. A. E. Kennelly has 
suggested the prefix ‘“‘lakh’’ from the Sanskrit for 100,000. 


The Importance of Unencumbered Names for the Formula Units. 
Unvarying adherence to the principle that, ‘In forming the name 
of a s.l.a.m. unit from the name of the formula unit, a given 
decimal prefix, as ‘‘kilo,”’ shall always signify the same multiple 
of the formula unit,’’ means that it is not permissible to encumber 
the names of formula units with misleading decimal prefixes. 
To comply with this principle, new names will have to be coined 
and applied to four or perhaps five of the formula units which 
appear in the comprehensive systems which have been proposed 
for universal use. For example, in the ec. g. s. systems, the name 
of the unit of length is encumbered with the prefix “‘centi;”’ in 
the m.k.s. system, the name of the unit of mass is encumbered 
with the prefix ‘‘kilo;” in the ¢.g.s. system, the name of the 
unit of mass is encumbered with the suffix “seven.” 

The formula units which must be disencumbered by renaming 
them, and the new names which I venture to suggest are shown 
in Table II. 

Basis of Comparison of Systems of Units. To summarize, the 
desiderata in a comprehensive system of units for universal use 
are: 

1. The formulas expressing the relations between quantities 
should not be encumbered with needless or perplexing numerical 
factors. 

2. The formula wnits of the system should have names which 
are not encumbered with misleading decimal prefixes. The 
decimal prefix in a name should always signify that the unit is a 
s. 1. a.m. multiple of the formula unit. 

3. The formula units of the few quantities dealt with in the 
every-day affairs of community life should be readily eompre- 
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TABLE II 


PROPOSED DISENCUMBERED NAMES FOR THE FORMULA 
UNITS 
M. K. S. system C. G. 8S. 8. system 
Quantity old name | new hame old name new name 
length...... meter meter centimeter tyc* 
mass .| kilogram newt gram-seven newtt 
PORCO Sgn sks dyne-five galileo or galeo} dyne-seven galileot or 
galeo 

area, ten...) sq. meter or | derm sq. cm. derm§ 

centare 
volume..... cu. meter or | stere cu. cm. or milli) cuba{ 

stere liter 


*To commemorate the industry, the skill, and the vision of Tycho 
Brahe, the measurer preeminent, who, before the inventions of the tele- 
scope. made the precise astronomical measurements from which Kepler 
was able to deduce the laws of planetary motion. 

+To commemorate Newton’s invention of the concept of ‘‘the mass of 
a body.”’ 

tTo commemorate Galileo’s keen observations of the circumstances 
attending the motions of bodies. 

§From the Greek ‘‘derma’’—skin. 

From the Greek ‘‘kybos’’—cube. 


hensible. In addition it is desirable that in the case of all the 
formula units of the system, their s. ]. a.m. units lying between 
the micro and the mega unit shall be of convenient size to meet 
the needs of the shop, laboratory, and market. 

Deficiences of the International System of Electric and Magnetic 
Units. In the light of this discussion of the basis for comparing 
the relative merits of different systems of units, let us first con- 
sider the deficiencies of the hybrid system which has been legal- 
ized throughout the civilized world by governmental actions, 
namely the centimeter, gram, second absolute system for the 
mechanical units and the international system of electric and 
magnetic units. 

The fundamental formula units of this hybrid system are: 

a. The unit of time is the second of the mean solar day; 
this unit is common to both the absolute and the international 
sets of units. 

b. In the absolute set, the centimeter and the gram, as 
represented by the platinum-iridium prototype meter and proto- 
type kilogram Standards, in the custody of the International 
Bureau of Weights and Measures, are the remaining two funda- 
mental units. 

c. In the international system, the two fundamental units, 
other than the second, are the ohm and the ampere as repre- 
sented by the mercury ohm standard and the silver nitrate 
coulombmeter set up in accordance with the legal specifications 
for the international ohm and the international ampere. 

This hybrid system of units is deficient in the following 
respects. 

1. The international unit of energy, the joule, as represented 
by the energy expended per second when a current of 1 inter- 
national ampere flows in a resistance of 1 international ohm is 
not equal to 1 absolute unit of energy, it is not even equal to 10’ 
absolute units, or 10’ ergs, but 
1 International joule = 1.00034 x 10’ ergs 

: = 1.00034 “practical” absolute joules. 

This means that formulas for obtaining the mechanical forces 
and the accelerations in electrical systems are encumbered with 
the needless numerical factor, 107. For example, 


dM (amperes, henries) 


SNe ks 
f (dynes) 107 1, I ie cae 


F q (volts per em., coulombs) 
a (em. per sec. per sec.) = 107 —— 
m (grams) 


2. The last international actions on the magnetic units are 
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the action of the International Electric Congress in Chicago in 
1893 recommending the use of the unrationalized magnetic units 
of the electromagnetic system of ¢. g.s. absolute units and the 
action of the Fifth International Electrical Congress of Paris in 
1900 recommending the use of the following names. 

“maxwell” for the e. m. unit of magnetic flux. 

‘‘gauss’’ for the e. m. unit of field intensity. 

The use of the “maxwell” for the unit of flux means that many 
formulas involving flux are encumbered with the needless numeri- 
cal factor 10-8. For example, 


d » (maxwells) 


It 
AON dt (seconds) 


Il 


108 


¢eN 
ii (amperes) 


(maxwells, turns) 


ll 


L (henries) Oise 
W (joules) = 10-87 N A ¢ (amperes, turns, maxwells) 
but note the exception, 


d 
Wie (dynes) =I[N atte (amperes, turns, maxwells) 


dz (em.) 


The use of the “gauss” rather than the “‘ampere-turn per em.” 
as the unit of field intensity means that the formulas must be 
written in the unrationalyzed forms, thus 


M. M. F. (gauss-em.) = 0.4 7 N I (turns, amperes) 


0.4 7 upNIa 
l 


A Common Feature of the Proposals to Modify the Bristing 
Hybrid System of Units. The proposals to improve upon this 
internationally sanctioned hybrid system of units have one feature 
in common. This feature is the proposal to “‘rationalize’’ the 
formulas of the system, by shifting the irrational 4 7 factors from 
the more frequently used equations to the less frequently used 
equations. 


¢ long-solenoid (maxwells) = (amperes, em.) 


But there are two radically different proposals as to the method 
of bringing about this rationalization. The first proposal is that 
of those physicists who still persist in writing in Heaviside units. 
Now the ratios of the Heaviside practical units to the corre- 
sponding units in the International system which is in universal 
use throughout the world are shown in Table III. 


TABLE III 
RATIO OF THE HEAVISIDE PRACTICAL UNITS TO THE 
CORRESPONDING INTERNATIONAL UNITS 


Unit of Ratio H/Int 
Charge and current........ 1/Vv4-7 
E.m.f. and electric intensity V4 
Canacitanee ec aes wc Mie oie 1/4Aqr 
RVOSISLARCCK. cep as cas ener sts ae An 
Magnetic intensity........ 1/Vv4q7 
Macnetic Mux. 12.0 65 V4 
Dielectric constant...... é i! 
POrMGEaDiLIby «osc cis tees 1 


In other words, writers who continue to write texts in Heavi- 
side units must virtually be advocating that some future inter- 
national congress shall take an action which will require that the 
scales of all ammeters in the world be regraduated for full scale 


readings equal to 1/4 7 times their present indications, that all 


voltmeters scales be regraduated to read 1/ /47 their present 
values, that all condensers be restamped with ratings equal to 
47 times their present ratings, and that all resistance coils be 
restamped with 1/4 7 their present ratings. 

Furthermore, this action will mean that all tables showing 
the dielectric strengths, the resistivities, and the hysteresis losses 
of materials must be revised, and that all B/H curves must be 
redrawn. And for what purpose? The answer is to be found in 
the last two lines of Table III. It is as follows: This stupendous 
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job of recalibrating instruments and of revising tables is to be 
done in order that in the process of rationalizing the equations of 
the dielectric and the magnetic circuits, the tables of dielectric 
constants and of permeabilities may not be disturbed. And yet 
existing tables of these constants almost invariably give the 
relative dielectric constants and relative permeabilities of the 
materials, (relative to free space). Now tables of relative 
dielectric constants and of relative permeabilities will remain 
unaltered no matter what changes are made in the fundamental 
units. And so it transpires that the proposal to rationalize 
the formulas by changing to Heaviside units amounts to a pro- 
posal to change the current, voltage, capacitance, and resistance 
ratings of every ammeter, voltmeter, wattmeter, lamp, generator, 
transformer, condenser, and resistor in existence, for the sake of 
rationalizing the formulas by a process which will leave undis- 
turbed the very tables which will remain unaffected by any 
change in the units. 


The improbability of such an action by any standardization 
committee is so overwhelming that we may dismiss the proposal 
to rationalize the formulas by using Heaviside units without a 
moment’s consideration. 


In the second method the rationalization of the equations is 
brought about by two simple expedients. 


1. By using as the units of magnetomotive force and mag- 
netic intensity, the ampere-turn and the ampere-turn per centi- 
meter, instead of the gilbert and the gilbert per em. (gauss). 


2. By drawing a distinction between the dielectric constant k 
and the permittivity p of a dielectric. The permittivity is related 
to the dielectric constant by the defining equation k = 4 7 p, 
and the permittivity is used in all equations. 


By these simple expedients, the substance of all that Heaviside 
sought to accomplish by his so-called Rational System of Units 
is attained. This result is attained by submerging the objec- 
tionable 47 factors in the empirical constants (of materials) 
which the equations contain. The change does not require the 
rerating of any electrical device, it does not require the change of 
a single table or curve except B/H tables and curves, and tables 
which give the absolute values of the permeabilities and dielectric 
constants of materials in unrationalized practical units. The writer 
has yet to encounter such a table. The existing tables giving the 
relative permeabilities and the relative dielectric constants in 
the unrationalized system correctly express the relative perme- 
abilities and the. relative permittivities in the rationalized sys- 
tem. The B/H curves will have to be replotted, with H ex- 
pressed in ampere-turns per em. instead of gilberts per cm. 
The constants of free space in the unrationalized and rationalized 
international units are: 


: : : 1 1 
Unrationalized units ko = 9 x 101 eat 
: : : 1 Bay ooha 
Rationalized units Po ee a 108 bo = 4 1/ 


Comparison of the Merits of the Alternative Systems of Practical 
Units. Dismissing from consideration the revolutionary and 
unwarranted proposal to supplant the International units 
with Heaviside units and postulating that the equations of 
the dielectric and magnetic circuit will be rationalized by the 
simple expedients sketched above, it remains to compare the 
merits for universal use of the alternative systems of practical 
units. 

The term “practical system’’ designates (among other things) 
a system in which the unit of energy (the joule) is defined to 
be equal to 10’ ergs and in which the unit of time is the second, 
but in which nothing has been said about the units of length and 
mass, except that with the units of time and energy fixed upon, 
the units of length, mass, and force must be selected from metrie 
combinations like the following. 
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Units 
System Length Mass Force 
Me Ce millimeter gram-nine dyne-eight 
Go. GS... 8 centimeter gram-seven dyne-seven 
ee decimeter gram-five dyne-six 
M. K. S meter kilogram dyne-five 
Sot eee dekameter dekagram dyne-four 
etc. etc. 


One of these combinations must be used if such formulas as 
the following are to be kept free of needless numerical coefficients. 


energy = 1/2 mass x velocity? 


work 


= force X distance 


Of the possible practical systems shown above only two have 
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EXPRESSIONS FOR THE SAME QUANTITY IN THE C.G. S. S. 
AND M.K. S. SYSTEMS—Contlinued 


Eqpsessions involving length 


C2 Giss: 


Expressions involving force 


The pull of the earth on an 
apple IS; ccd oh -neeriete. peed ah 


galeo = dyne’ 


1 centi galeo 


The pull of the earth on a newt is| 980 galeos 


A man can exert a lifting pull of 
Normal atmospheric pressure is 


300 lbs. boiler pressure is...... 
The tensile strength of steel is. . 
The modulus of elasticity of 


steel sy ci cane ee ene 
Gravitational constant........ 


700 centigaleos 

10.132 centigaleos 
per sq. tye 

200 centi galeos per 
sq. tyc 

500 galeos per sq. 
tyc 


207,000 
0.666 


M: K:. iS: 


been advocated for universal use, namely the centimeter, gram- 
seven, second (¢.g.s.s.) system and the meter, kilogram, 
second (m.k.s.) system. If the names of the formula units in 
these systems are to be unencumbered, it will be necessary to 
coin new names for the units of length, mass, and force in the 
c.g.s.s. system, and for the units of mass and force in the 
m.k.s. system. Names for these units are suggested in Table 
1 

Any judgment as to the relative merits of the ec. g. s. s. and the 
m.k.s. systems must be based upon a comparison of the expres- 
sions for the values of the quantities of frequent use when stated 
in the e.g.s.s. and m.k.s. units respectively. To furnish 
material for such a comparison, the following statements are 
offered. 


Coefficient of viscosity of water, 
20: deg. contsa. wisi artonman 
Gas constant Rin pv = 


10-° galeos, tycs 
3.718 x 10~? galeos, 
tyc, deg. cent. 


Expressions involving heat 

L newt deg: cont. .k iia 

Tables of specific heat will not 
be affected 

Thermal conductivity of copper 
in watts per unit area per de- 


4,187 x 10’ joules 


galeo = dyne® 


1 galeo 

9.8 galeos 

700 galeos 

0.10132 mega galeos 

per sq. meter 

200 galeos per sq. 
cm. 

500 mega galeos per 
sq. meter 


2.07 x 101! 
6.66 x 10-1! 


10-° galeos, meters 
3.718 x 10? galeos 
meter deg. cent. 


4.187 x 10? joules 
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AND M. 


K.S. SYSTEMS 


Expressions involving length 


C.G.S8.S. 


Unitiesaste oxo erate teenies 
Dimensions on machine draw- 

ines Oreyin. 4 oe ee tse ae ee 
The thickness of the paper is. . . 
The dimensions of the planks are 
Cloth is measured in........... 


The distance between townsis. . 
The New York-Chicago distance 


The speed of lightis........... 


The mean spacing. air mole- 
The diameter of the oxygen 
molecule is 


LOS Na ees ee Re AE a tnten., ee 
The sectional area of No. 10 

Bier S Wire iss, A ta es eee 
The sectional area of the beam is 


The area of the 20 x 50 lotis.... 


PRACTE CQUALS aa sos Mas ee eee 

Expressions involving volume 
LOLI Ae aR AR Aan oes hoe ee 
The milk bottle capacity is..... 
The truck capacity is.......... 
The reservoir capacity is....... 


Expressions involving mass 
Lea. REE tee, 
Butter packages contain....... 
The man’s weight is......... ory 
The coal costs $5.00 a......... 
The allowable truck load is..... 
The mass of an electron is...... 

Expressions involving density 
The density of water is.....:. 


decitycs 
6 millityes 
4 x 24 x 480 tycs 
hektotiyes 
15 hektotycs 
5 pentatycs 


1150 pentatycs 
80 pentatycs per 
hr. 
3 x 10! tyes per sec. 


0.33 microtycs 
3 x 10° tyes 
derm or sq. tye 


5.26 centiderms 

20 sq. tycs or 20 
derms 

1000 sq. hekto tyes 


0.405 sq. myria tycs 


cuba or 1 cu tye 

1 kilo cuba 

2 mega cubas 

50 million mega 
cubas 


newt = gram-seven 
0.5 demil newts 

70 demil newts 
decinewt 

5 decinewts 

9 x 10-* newts 


0.1 micronewts per 
cubic tye 


M.K.S. 
meter 


millimeters 
0.006 centimeters 
4x 24x 480 cm. 
meters 
15 meters 
5 kilometers 


1150 kilometers 
80 kilometers per 
hr. 
Sexes LO 
per sec. 


meters 


3.3 x 10-° meters 
3 x 10-!9 meters 
derm or sq. meter 


5.26 microderms 

20 sq. centimeters 
or 20 demilderms 

1000 sq. meters or 
1000 derms 

0.405 sq. 
meters 


hekto 


stere or 1 cu. meter 
milli stere 

2 steres 

50 million steres 


newt = kilogram 
0.5 newts 


‘70 newts 


kilonewt 
5 kilonewts 
9 x 10-*! newts 


1. kilo newt per 
cubic meter 


gree per unit length.........| 3.88 388. 
Ditto for wood! !2i4 205 4ec)s se ee 0.0004 0.04 
Electric and magnetic 
expressions 

Permittivity of space.......... 8.85 x 10-14 8.85 x 10-# 

Permeability of space.......... 4r x 10~° 47x 10-4 

Resistivity of copper..........]. 1.724 x 10-§ ohm, | 1.724 x 10-° ohm, 
tye em. 

Dielectric strength of air....... 30,000 volts per tye | 3 megavolts per 

meter 

Flux density in transformers...| 120 micro webers| 1.2 webers per sq. 

per sq. tyc m. 


S. L. Gokhale: The paper under review gives a concise and 
very clear history of the problem of magnetic nomenclature which 
has inspired so much discussion during many decades in the past. 
This historic sketch gives a good perspective view of the whole 
situation, and is helpful for a clearer understanding of the true 
nature of the controversy. It has certainly helped me, or at 
least I believe it has, for which I am very thankful. 


There are some points not clear to me until now; for example, 
I could not see why magnetic induction is expressed by the 
symbol B. In my college days, I was taught to look on magnetic 
flux as something analogous to emanation of light from a lamp. 
I had found that analogy very helpful in that it gave me a clear 
conception of the equations of Gauss, Poisson, and La Place, but 
it did not occur to me until I read Dr. Kennelly’s paper, that 
magnetic induction (B) is analogous to optical brightness at a 
point, the latter being also expressed by the symbol B. I should 


like to be informed, however, if that is the true explanation. 
The problem of nomenclature resolves itself into three separate 

but closely related problems: ; 
(a) the relation of the several units to each other and their 


logical sequence. 
(b) Size of the units. 
(ec) Names of the units. 


The question of name is obviously the simplest and may be 


taken up first. 


The greatest amount of controversy ranges itself around an 
appropriate name for the unit of magnetic force intensity 
(magnetizing force, or magnetic field intensity) expressed by the 
symbol H. Three names have been used in the past, and four 
more are under consideration namely: 


A; names in usage 


A—1, Gilbert per centimeter 
A—2, Gauss per unit permeability (briefly gauss) 
A—3, Dyne per unit pole. 
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B; names proposed 


B—1, Gauss (Paris Congress; Delegation for Holland and 
Italy) 

B—2, Mascart (French delegate) 

B—8, Weber (German delegate) 

B—4, Gilbert (Holland delegate), for practical unit only. 


The four “proposals” have all the merit of being simple names 
instead of the three complex names in “‘usage.’”” Among these 
three, the weight of usage seems to be greatly in favor of the 
term “gilbert per centimeter.” 

While popularity of the name may well be conceded, it must 
also be conceded that it lacks the simplicity and the convenience 
of a short single worded name, justifying the use of ‘an ab- 
breviated substitute. In view of this fact I had decided to use 
in the records and reports of my work the single letter “g’”’ as an 
alternative name of this unit, and have consistently done so for 
the last six years. (A. I. E. E. 1926, Law of Magnetization; 1928, 
Saturation Permeameter). It is necessary to add however, that 
although the use of the name “‘g’”’ was technically a mere abbre- 
viation of the term ‘‘gilbert per centimeter,” the change was 
guided in my mind by a more important consideration that goes 
to the root of the problem. 

The paper under discussion together with the discussion which 
followed the reading of it at the convention, brings out very 
clearly the indisputable fact, that there are among the scientists 
of the world, two different conceptions as to the nature of mag- 
netic flux. For convenience of discussion, I shall refer to them 
as the static and the dynamic conceptions. 

According to the static conception of flux, magnetic induction, 
or flux density as it is sometimes called, is a magnetic force of 
exactly the same kind as the magnetizing force H, and differs 
from it only in the location of the sources from which it emanates. 
The total or resultant magnetic force at a point in a magnetic 
body in general, is made of two parts: 

(a) Resultant of forces emanating from distance sources, 
such as magnetism on the free surface of the body, magnetism 
on surfaces of neighboring bodies, and electric currents magneti- 
cally associated with these bodies. This is called the magnetiz- 
ing foree H. 

(b) Resultant of forces emanating from sources infinitely 
near the point, such as the magnetic poles of molecular magnets 
(Weber’s theory), or molecular electric circuit (Ampére’s theory) 
or the microcosmie electronic orbits, (Langevin’s theory) in the 
neighborhood of the point. This force is called intrinsic force or 
intrinsic induction B. 

According to this definition 8 = 4 7 J, where J is the intensity 
of magnetization. The total magnetic force at the point is 
called total induction or briefly the induction B. Thus we have 
the relation B=@6+ H =47J+H. The method of com- 
puting analytically the forces from the near and distant sources, 
by the use of an auxiliary imaginary cavity of proper size, shape, 
and orientation, is described in all leading text books and need 
not be repeated here. (J. J. Thomson: ‘‘Electricity and Mag- 
netism,” Art. 153) According to this conception B and H have 
identical dimensions and therefore, permeability (“) must have 
zero dimensions, with the value &@, = 1 for free space. 

According to the dynamic conception of flux, magnetic flux 
is analogous to electric current, while the magnetizing force 
corresponds to electromotive force (Karapetoff, ““The Magnetic 
Cireuit,” p.5). The analogy is best expressed by the equations. 


a = pb (Permeability) — = ¥ (conductivity) 
The dimensions of 4 are supposed to be unknown but not zero; 
its value for space may be taken as unity. According to this 
conception, induction and magnetizing force are dissimilar 
quantities, which call for different units for their respective 
measurements. The static conception is generally favored by 
physicists (J. J. Thomson: Jbid., Art. 256 footnote), and the 
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dynamic conception by the electrical engineers, (Karapetoff, 
Ibid., p.257) perhaps because each group finds his favorite system 
better adapted for his special work. Theoretically there is 
nothing to guide us in our choice at present, and the situation is 
not likely to be changed in any way for some years to come. 

In view of the facts, I suggest, that: 

(a) There should be two systems of nomenclature. 

(b) One of these should be based on the dynamic conception 
of flux having separate units for magnetizing force and flux; the 
terms “‘gilbert per centimeter’”’ and “‘gauss’’ might be accepted as 
their most convenient names. 

(c) The other system should be based on the static concep- 
tion, and should have one single unit for both force and flux, and 
of course with a single name. 

(d) It should be recognized that eventually one of the two 
systems will have to be discarded, but we do not know which one 
it is to be. The names of the units should be so selected that 
either system could be easily discarded at any time if necessary, 
without inconvenience to the readers and users of magnetic 
literature and data in which the discarded system will have been 
used. 

(e) The unit “g’’ meets all these requirements. As an ab- 
breviation for ‘‘gilbert per centimeter’’ and also for ‘‘gauss’’ if 
necessary, it is capable of replacing both of them, if the dynamic 
system is ever discarded. On the contrary if the static system is 
discarded the letter “‘g’’ may still retain its usefulness as a mere 
abbreviation of “‘gilbert per centimeter” only. 


The unit magnetic pole, is another quantity that deserves a 
name. If, as some scientists advocate, we decide in favor of 
discarding the conception of poles altogether, there will be of 
course no need for a name; but if we intend to use it in the future, 
as much as we have been using it in the past, it certainly ought 
to have a unit with a name worthy of its position. I suggest the 
name “‘ewing.”’ 

The need of a convenient name for the practical unit 108 
maxwell, has long been felt, but no acceptable name has yet been 
suggested. 'The name “‘line’”’ asa synonym for maxwell has long 
been in use andis very popular; the names “‘kilo-line” and ‘‘mega- 
line’ as convenient names for 10% maxwell and 10° maxwell 
respectively, have also become quite popular. In view of these 
facts I suggest the name ‘‘arb-line”’ as a synonym for 10® maxwell, 
(the prefix ““ARB-” being a part of the Sanskrit numeral ‘‘arbuda’”’ 
which means “‘hundred-million’’) with a confession of my ignor- 
ance of Latin and Greek as an apology for the suggestion; the 
convenient form of the word is its own defense. _ 


The name “electromagnetic” as applied to that well known 
system of units seems tobe amisnomer. JIncontra-distinction to 
the ‘electrostatic,’ the name ‘“‘magnetostatic’”’ seems to be more 
appropriate; I have used it in my own records and reports even 
without the formality of an explicit statement to that effect, and 
have had no protest. The following are formal definitions of 
some of the terms, as I use them in my analysis of systems of 
units: 

An electromagnetic system of units, is a system of both the 
electric and the magnetic units; it includes the “electrostatic” 
system. 


An electrostatic system is a complete “‘electromagnetic”’ system 
involving the dual assumption K, = 1,M. = 1/V? with or 
without any factors of convenience. 

A magnetostatic system (popularly called electromagnetic) 
is a complete electromagnetic system involving the assumption 
Ky = 1/V?, Mo = 1, with or without any factors of convenience. 


A comprehensive system is a system in two parts, with electro- 
static units for the electric part and with magnetostatic units 
for the magnetic part, the two parts being connected by the. 
equation § = J/V, with or without any factors of convenience. 

(Nore: Dr. Kennelly has used the word “comprehensive” in 
another sense.) 
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A composite system is a system involving the dual assumption 
that K, = 1/V,and f@, = 1/V with or without factors of con- 
venience. 

The ‘factors of convenience” referred to in the above defini- 
tions, are usually factors of the form (4 77)” 10”, where m and n 
have any convenient values. 

For tabular classification of these systems see Table II of 
this review. Referring to Dr. Kennelly’s paper, (Table II, units 
No. 33 and 37), it should be obvious, that all the four systems are 
magnetostatic, and unified. None of them is comprehensive in 
either sense. The only difference between them is the sizes of 
the units, due to differences in sizes of the fundamental units to 
start with. Leaving aside for a time the whole question of 4 7, 
and limiting the discussion to the question of the factor 10”, the 
difference between the C. G. S. system (magnetostatic) and the 
three new systems (also magnetostatic) now submitted for 
consideration, can be reduced to this, namely, that until now it 
has been our practise to call a ‘volt’? a practical unit and a 
“‘oram’”’ an absolute unit, butif we adopt any of the three proposed 
systems we shall from now on, call a “volt” an absolute unit, and 
a “gram” a practical unit. This is about all that can be said of 
the nature of the differences between the old and the new systems. 
So far as practical use is concerned, we shall use the volt and the 
gram in the future exactly as we have been doing in the past, 
irrespective of their being classified as “‘absolute”’ or “practical.” 
Concerning this war of the units, one might paraphrase the 
famous Battle of Blenheim: 

It is indeed a glorious war, 
But what are they fighting each other for? 

Let us now take up the question of 47 in the equation 
F =42N1JI/10. This factor has been challenged on grounds 
of theoretical invalidity, and of practical inconvenience. The 
theoretical aspect of the question takes several forms, of which 
two are most important. 

(a) The presence of 47 in the equation = 47 N J/10 is 
due to the mode of derivation of the equation from the polar 
conception of magnetism, through the intermediate conception 
of magnetic shells. The polar conception of magnetism is a pure 
scientific fiction; it is now abandoned by the modern scientific 
world. The equation has therefore lost its theoretical founda- 
tion. It has now no other foundation except the experimental 
fact that F is proportional to N J; there is no reason for assum- 
ing any constant in particular. The simplest legitimate assump- 
tion is § = N J, which now becomes an equation for defining 5 
in terms of I. 

(b) The equation § = 47 N J/10 is mathematically related 
to the equation B = H+47J. The latter equation is also 
based on the polar conception of magnetism, and moreover it 
involves the twofold assumption that permeability of space is 
Mo = 1, and has no dimensions. This assumption is unwar- 
ranted and contrary to the probability of the case, which makes 
the 4 7 in both the above equations invalid. 

The contention, that ‘“magnet poles are purely fictitious,” is 
itself a fiction which is best refuted by the authors of that con- 
tention. For example, according to Professor Karapetoff (bzd., 
p. 263) 

“The concept of pole strength is of no use in electrical 
engineering, and in the author’s opinion, its usefulness in 
physics is more than doubtful. The whole theory of elec- 
tromagnetic phenomena can and ought to be built up on the 
two laws of circuitation. . . .” 

A reference to pages 2 and 3 of the same book will show that he 
finds an important use of magnet, pole, viz., to demonstrate the 
existence of the lines of magnetic force; nor is this merely a case 
of professorial license, because as far as I know there is no other 
way of proving the existence of these lines. If magnetic poles 
be consigned to the realm of fiction, the lines of magnetic force 
go there also, and lines of magnetic flux also follow, in their turn. 
One important reason for doubting the existence of poles is, that 
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we sometimes meet with pole-less lines, that is, closed magnetic 
lines circling round a wire carrying current. But if the existence 
of such pole-less magnetic lines is an evidence of non-existence 
of any magnetic poles, the existence of similar endless lines of 
electrostatic force should also prove the fictitious character of 
electric charges. Another reason for assuming that the mag- 
netic poles are fictitious is, that every kind of magnetic field can 
be construed as the result of certain hypothetical, well designed 
electric current circuits, that magnet poles are therefore not 
necessary for production of magnetic fields and equipotential 
surfaces, and that they should be therefore looked upon as mere 
scientific fiction. The argument is far from convineing. First, 
even if. every function of a magnetic pole were fulfilled by a 
system of electric currents, that could not prove the poles to be 
non-existent; and secondly every theoretical function of a magnet 
pole cannot be fulfilled by electric current. It can be shown that 
every magnetic or electromagnetic system can be represented in 
theory by a series of harmonic magnets, the first member of the 
series being a single magnet pole, which gives rise to a potential 
function of the form of simple spherical harmonic of zero order 
(Magnetic Shielding, A. 1. E. E. Trans., Oct. 1929). Theoreti- 
eally, no conceivable single electric circuit can take the place of 
this pole or produce the corresponding spherical harmonic. 
Practically, I know of no electric device to demonstrate the 
existence of magnetic lines of force circulating round a wire 
carrying acurrent. See Fig. 1. 


Gael 


Let o be a wire perpendicular to the plane of the paper, carry- 
ing a current from the front to the back side, and producing the 
circular lines of foree whose existence is challenged. A Bis a 
projection of a small electric circuit parallel to the wire 0, and 
parallel also to the magnetic field produced by o. According to 
Ampére’s law relating to action of a current on a current, the 
part A approaches o and the part B recedes from it. These 
forees are radial. There is no tangential force; there is therefore 
neither a magnetic field nor a magnetic flux. This is the con- 
clusion we reach when we ignore magnetic poles and try to 
interpret magnetic phenomena in terms of electric currents. 
Since it is not possible to ignore magnetic poles without ignoring 
electromagnetic fields, any argument against the use of 4 7 (in 
the basic formula F = 47 N I) based on the alleged fictitious 
character of magnet poles, falls to the ground. 

The argument based on the theory of dimensions of permeabil-. 
ity is equally fallacious. First, the assumption that permeabil- 
ity of space is > = 1, has nothing to do with dimensions of p. 
The dimensions of density are M/L*, but that does not prevent 
us from assuming D = 1 for water in physical measurements or 
for hydrogen in chemical measurements; second, the equation 
B=H +47 J, may or may not be valid; it depends on the 
purpose of the equation. Dr. Karapetoff’s argument, “that we 
cannot have sheep on one side and apples on the other side of an 
equation” is sometimes valid and sometimes not. Suppose that 
I kill by accident one of Professor Karapetoff’s sheep, and send 
him by way of compensation one barrel of apples and in addition 
a check for $12-57/100; in my memoranda I write, one sheep 


i eee 
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= one barrel apples + 47 dollars. What is wrong with the 
equation? Thirdly, the contention that “4 must have some 
dimensions other than zero, is far from proved. If Band H be 
defined in accordance with the static-conception, their dimen- 
sions must necessarily be identical, leading to zero dimensions 
for Jas a necessary logical consequence. If on the contrary 
Band H be regarded as analogous to J and H#, and defined in 
accordance with the dynamic conception, then & becomes analo- 
gous to R and must have some dimensions other than zero. The 
question of dimensions of wu is not yet settled and is not likely to 
be settled in the near future, because the question involves three 
physical characteristics of space, viz., K, “, and P with only one 
physical equation connecting them. (See Table I, Equation 5.) 

This brings us to the question of physical characteristics of 
space-medium involved in electric, magnetic, . electromagnetic, 
and magnetoelectrie phenomena. These phenomena can be 
expressed by the five fundamental equations. 


TABLE I 
FUNDAMENTAL EQUATIONS OF ELECTRIC AND MAGNETIC 
a PHENOMENA 
GQ) e@/KL? =f M L/K T? Electrostatic relation (Coulomb's 


Law:electric) 
Magnetostatic relation (Coulomb’s 
Law :magnetic) 


Qe =f = MG) pir? 


(3) Ra i. ay 
Sah i alZe Electromagnetic relation (Ampére’s 
Law) 
(4) =a) / aD Magnetoelectric relation (Faraday’s 
Law) 


(By LONG GGT AS a eM Electromagnetic propulsion (Max- 


well’s Law) 


Notes: (1) a and b in Equations 3 and 4 are factors of convenience; 
according to the prevailing practise at present we have a = 47, and b = 1. 
In some of the recently proposed systems, we shall have a = 1, and b = 1; 
these assumptions are merely matters of convenience. 

(2) The symbol P in Equations 3, 4, and 5, is the same as \ of Ascoli 
(Elec. World, Vol. 67, p. 877) or as c of Heaviside (Bul. B. of S., Vol. 
XIII, p. 613). No name for this characteristic has yet been suggested. 
I suggest the name “propulsivity.’”’ The symbol P was introduced by 
J. J. Thomson. 


These laws involve three physical characteristics of the 
medium which in three ways contributes towards the electro- 
magnetic phenomena, viz.: 

K, or dielectric character of the medium; it determines the mag- 
nitude of the electrostatic force between two electric 
charges at rest. 

M, or permeability of the medium; it determines the magnitude 
of the magnetostatic force between two magnet poles at 
rest. 

P, or propulsivity of the medium; it determines in the first place 
the magnitude of the kineto-static force produced by a 
moving electric charge on a magnet pole at rest, or by a 
moving magnet pole on an electric-charge at rest. Asa fur- 
ther consequence it contributes to the determination of the 
velocity of propulsion of electromagnetic impulses in space. 
When P is assumed to be equal to unity (with or without 
other factors of convenience) the equation of propulsion 
takes the form V? = 1/K p, and it then appears as bi 1aG 
and pare the only factors involved in the process. This is 
also the reason why the probability that “the dimension of 
fis not zero” appears to be so high. (Dellinger, Bul. B. 
of. S., Vol. XIII, p. 610-611). The root of the whole 
difficulty lies in the fact generally unrecognized that @ and 
K are both similar and dissimilar. Their dimensions if 
they have any, must be therefore complementary. This is 
the only way in which they could be both similar and dis- 
similar. But in that case, they would be incapable of 
yielding a product such as V = L/T. In the Heaviside 
system, it is assumed that Wo = 1, Ko = 1, and P= V 
=L/T.. This seems to be the most reasonable assumption. 


KENNELLY: MAGNETIC CIRCUIT UNITS 503 


Anyway, the dogma that has dimensions other than zero, 
has nothing to support it except another dogma that P is 
not a physical characteristic, and that the velocity V is 
dependent on and K only. (Dellinger, Bul. B. of S., 
Vol. XIII, p. 620.) 

Since the three quantities K, uw, and P are related by only one 
known equation, there is ample room for speculation and arbi- 
trary assumption, which leads to various systems of units, dif- 
fering fundamentally, from each other, without going into the 
question of 4 7 or of 10”. See Table II. 


TABLE II 
SYSTEMS OF ELECTROMAGNETIC UNIT 
System Defining assumption 

lactrostaticn ote fala ns Siar KGa Cae es pw =1/V? 
Magnetostatic (popularly called elec- 

tromagnetic): ties esa saa =e AEP T= K =1/V? 
Comprehensive (Heaviside)......... awl: K =1; P=V 
Composite-general................- Sh Ve Ke = 1) Vi PP ed 
Composite-particular type (e. g., 

Karapebom tucks staal 4 oketee B= R/V3K =1/RV3P =1 


We are now in a position to classify the various systems under 
discussion in accordance with the above definitions. 


TABLE III 
CLASSIFICATION OF THE SEVERAL SYSTEMS (OMITTING 
4777, 10”, R, etc. 
Defining 
Name of system Class conditions 
L K P. 
(1) C. G. S. (Electromagnetic)..... Magnetostatic tee V2 oe 
(2) Q. E. S. Maxwell (Kennelly, 
TPabler EL chen soe eee Magnetostatic ey VA" Se 
(3) Giorgi (Kennelly, Table ITI)...| Magnetostatic 1 AVE ok 
(4) Giorgi (B. of S., Vol. XIII,p.619)| Composite SWAN aly Ca¥ BA 


(5) International (Dellinger & Ben- 


net) (Kennelly, Table III)...| Magnetostatic nls lysate 
(6) International (Dellinger) B of S., 

Viol: ZX TELS 603) ic, Sens topeuste ore Composite Ve eM u 
(7) Bennett & Crothers (‘‘Electro- 

dynamics,’ p..639).......-:- Magnetostatic ee Venn ot 
(8) Karapetoff (‘The Magnetic Cir- 


CUIG TE Dic 263): ehoas ovic cee Composite Was eV x 


It should be obvious from the above, that all of the systems 
now under discussion (viz., 1, 2,3, and 5) involve the assumption 
that « = 1 irrespective of dimensions. Therefore the case for 
the removal of 477, based on the consideration of possible 
dimensions of , falls to the ground, in so far as Dr. Kennelly’s 
paper is concerned. 


Another theoretical argument for elimination or rather for 
dislocation of the 4 7 from the equation § = 47 N J/L, is that 
it is irrational ‘‘by reason of the occurrence of 4 7 as a factor in 
the specification of quantities which have no obvious relation to 
circles or spheres.”’ This rational principle when applied to the 
equation in question, leads to the conclusion that the 4 7 should 
be just where it is. For we have, first, the experimental fact 
that the force at a point at distance r from a straight wire is 
H = f I dlsin0/r? = 2I/r. Second, we have the inferential fact 
that the line integral of H . dl round the wire is 47 J, the 
factor r being eliminated in the process of this second integration. 
The factor 7 enters into the equation for the obvious reason that 
the magnetomotive force is a line integral round a circular path. 
The elimination of the distance r is due to the fact that it (r) acts 
in two opposite ways and cancels itself; it tends to diminish the 
intensity of the force, but it also tends to increase the length of 
the path in the same proportion. On account of the simplifica- 
tions of the formula thus obtained, and also on account of the 
generalization it stands for, there has grown up a belief that the 
equation § =. I is a fundamental experimental fact, and that 
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the equation H =d&/dl =c.IJ/L is merely a mathematical 
inference as a secondary consequence. The fact is just the 
reverse; the second equation is the one experimentally deter- 
mined, from which the first is obtained by integration (Bennett 
and Crothers: ‘‘Eleetrodynamies,’’ Sect. 245). 

The ¢.g.s. magnetostatic system of units is based on the 
legitimate assumption, that dH = c’dl sin. 0. TJ is the fun- 
damental equation and that its simplest form as obtained by 
assuming c’ = 1, should be made the basis of the definition of J 
in terms of H or vice versa. From this equation we get by 
5 Dal 
integration firstly, H = re for single straight wire, and 
secondly § = 47 I for the complete path round the wire. The 
47 in this equation is not irrational; it comes in for the simple 
and obvious reason, that it concerns a. law of circuitation; this is 
exactly in accordance with the principle implied in the dictum of 
Oliver Lodge which disapproves of the “471 as a factor in the 
specification of quantities which have no obvious relation with 
eircles or spheres.’’ (Heaviside, ‘Electrical Papers,” Vol. II, 
art. 53, p. 575.) 


TABLE IV 
CHART SHOWING EVOLUTION OF MAGNETOSTATIC SYSTEM 
OF UNITS, WITH CO. G. 8. UNITS FOR L, M AND T 


M. T 


id B(=1) 
i ee 
(= LM/T?; dyne) 


(=L Vfu ; ewing) 


(= m/p L?, gil. /em. or g.) 


(= uw H. = m/L?; gauss) 


ewing 
4n 


v 
(= 4 m; maxwell or )s (=HL =m/pLigil.) 


ee 


magnetoelectric border 


. Pe Ext / yb 
E (= ¢/T, or 4”. m/T; abvolt I(e2 rie ;and if P=1 
m/pL 
(= 4 ; abampere) 
TT 
E abvolt 
JES ae Caren! 
D(=4re) 


e = (I/T abcoulomb) 


or dynes per abcoulomb) 
K =1/V? 


Table IV is a chart showing the evolution of the derived units 
of the magnetostatic system in their logical sequence. It shows 
that between the points m and e, there are only two equations 
involving circuitation, and therefore offering legitimate room 
for 47. Of these two, only one involves actual mathematical 
computation, and therefore brings in the 47 in manifest form. 
The other equation H = ¢/T is derived directly by experiment, 
not indirectly by circuitous computation from an experiment. 
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Therefore there is only one place for the rational appearance of 
4 7 in the whole system between mand e. Of course there must 
be a 477 in the equation for H also; it is merely suppressed and 
can be made manifest by substituting ¢ =4a7m. The true 
form of ‘the equation is EH = ¢/T =47 m/T where m/T is the 
magnetic current. The proposal to omit the 4 7 from the equa- 
tion for F is merely an irrational effort to ignore the indisputable 
fact, that the laws of circuitation involve a real cireuitation. It 
may be suppressed by expressing J in terms of the polarization D, 
so that § = D/T, is analogous to H = ¢/T. This mode of 
eliminating 4 77, is rational but it is not likely to be popular. 

From the purely practical point of view, it must be conceded 
that the presence of the factor 4 7 in the equation 5 = 47 N J/10 
is a great inconvenience for the electrical engineer, and a very 
unnecessary one, “because he is mostly concerned with ampere 
turns. He has absolutely no use for the hypothetical force of so 
many dynes per unit pole located hypothetically in an imaginary 
cavity within his magnetic material. This is, however, just the 
thing the physicist has to deal with. He is not satisfied with 
average value of H for the whole cirecuit,—he wants to know the 
local value of this force at any point. He is like a pupil in a 
swimming class who wants to know the local depth at the spot 
he is interested in; he refuses to trust his life to data on the 
average depth of the whole lake. The best solution of this 
conflict between the engineer and the physicist would be the’ use 
of a supplementary practical unit ‘‘the ampere turn,” for the use 
of the practical engineers with or without a new name as they 
choose. The unit ‘gilbert per centimeter’’ briefly “‘g” should be 
left unchanged for the use of the physicist. The equation 
B=H+47J, (or B =H +6 as I prefer to express it) has 
done a tremendous service in the past; it has facilitated the 
work of Ewing, Kennelly, Steinmetz, and many others, and the 
possibility of its further usefulness in future cannot be discounted 
dogmatically. If the physicist appreciates the equation so 
highly and is willing to pay for the service by tolerating the 4 7 
in all his computation of H let him do so. 

In concluding, may I quote the words of Dr. Kennelly, ““My 
personal opinion would be, that we had better leave well enough 
alone at the present’ time, and not upheave all our standards, 
our ohms, volts, aid amperes for the sake of 4 7” (International 
Congress, St. Louis 1904, Trans., Vol. I, p. 179). 

It is true that this opinion was expressed 26 years ago, but it is 
equally true, that science has made no new contribution during 
this interval to change the status of the 477. His reasons for the 
change are not clear from his presentation of the case. I must 
therefore hold to my conclusion, that in the equation 
§ = 47 NT, the factor 4 7 should be allowed to stay just as it is, 
but that in response to the need of the electrical engineers, the 
unit ‘ampere turn’ should be formally recognized as a supple- 
mentary practical unit. , 

G. W. O. Howe: (communicated after adjournment) After 
a careful reading of this paper, I have found nothing to dissent 
from, with the exception of one small matter concerning mag- 
netic potential. The various alternative systems of units with 
their respective advantages and disadvantages are very clearly 
set forth. The British Association’s Committee appointed at 
Oxford has not been able to make much headway, because we 
find ourselves divided into two camps—one containing those 
that regard H and B as of the same nature, and the other those 
who, like myself, regard H as the m. m. f. per unit length pro- 
ducing B. If one writes B = H + 477 I, then one must belong 
to the first camp (J = intensity of magnetization). This, 
however, is a waste of a good symbol to no purpose and it would 
be better to write B = B, +47T/ and leave H to designate 
the magnetizing force which, in the opinion of many, is required 
to produce a flux density B, in air and B in any other medium 
such asiron. Those who do not believe in the existence of such a 
force need not then use H at all. This is really the crux of the 
whole question. Those responsible for the relevant section of 
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the Glossary of Terms and Definitions issued by the Baie oa. 
do not regard H as a magnetizing force equal to a m. m. f. per 
unit length, but maintain that such a force is an unnecessary 
figment of the imagination, and that all we are justified in assum- 
ing is the magnetic flux density H in air, increased to B in iron, 
which exists, not as the result of amy force acting at a point, 
but as the result of a current somewhere. I should not object 
to this point of view if those who favor it would agree that, as H 
and B are of the same nature and only differ in magnitude, it is 
unnecessary and confusing to use two different symbols for them 
when a simple suffix would suffice to distinguish them. It is 
confusing because most electrical engineers use H for a different 
conception; viz., m.m.f. per em.; whether this has any real 
existence as a magnetizing force acting at a point or is merely a 
convenient aid to magnetic calculation is immaterial to the point 
at issue. 

I note that on the third page of the paper, column 2, it is said 
that “In America the custom has been to use the gilbert for the 
working unit of magnetic potential.” I am sorry to see magnetic 
potential introduced as I have always found it a very troublesome 
conception. Itisnota fundamental concept but a mathematical 
derivative. I regard the gilbert as the working unit of m. m. f. 
To illustrate my point, consider a uniformly wound toroid carry- 
ing a steady current. There isam.m.f. of (477/10) I T acting 
around the magnetic circuit, producing at every point in it a 
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magnetizing force H equal to the m.m. f. per em.,—whether 
as a reality or as a mathematical abstraction is immaterial—but 
can any one say that there is any difference of magnetic state 
between any two points in the ring? Can anyone say of the two 
points A and B in the accompanying sketch that one is at a higher 
or lower magnetic potential than the other? I think not. 
Whatever reasoning leads to the conclusion that A is at a higher 
potential than B also leads to the conclusion that B is at a higher 
potential than A. I am forced to the conclusion that all points 
of the ring are at the same potential, however many gilberts are 
acting around it. I think it would be more nearly correct to say 
that the potential theory which was based on electrostatics and 
magnetostatics is inapplicable to the magnetic circuit. 

- B. Hague: (communicated after adjournment) I desire to 
express my appreciation of Professor Kennelly’s very interesting 
paper, which focuses our attention upon the far from satis- 
factory condition of our magnetic units. I am very much in- 
terested in Dr. Kennelly’s clear analysis of the various systems 
of units and his discussion of the question of nomenclature, but 
I wish to confine my remarks to what appears to me to be of even 
greater importance, the matter of definitions. I agree that 
before any international agreement on systems of units and 
nomenclature is attempted it is of primary importance to secure 
internationally acceptable definitions of magnetic quantities. 
It is surprising to discover the extent to which physicists and 
engineers disagree in regard to such fundamental things as the 
definition of H, B, and particularly 4; this disagreement is 
usually founded in misunderstanding. I would suggest that the 
time is now ripe for a thorough discussion of these matters by an 
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international congress of éngineers and physicists, and I think 
it would be possible to establish the basis for a set of definitions 
that would be rational, founded upon experimental fact and 
dependent upon hypotheses to the minimum extent. Mueh 
interest in this subject has already been shown in England, 
France, and Germany, where recent discussion of the main points 
of. difference would be found, I believe, to have cleared the way 
already for the profitable international exchange of opinions and 
perhaps for some useful recommendations. 

In framing a set of magnetic definitions I think it is essential to 
avoid all reference to ‘‘unit poles” and ‘‘cavities,”’ left over from 
the old magnetostatics, and to realize that we are really con- 
cerned with electromagnetism,—a curl field phenomenon. 
Everything entering into the definitions should be of a measur- 
able character; they should not be dependent upon conceptions, 
such as isolated unit poles situated in variously shaped cavities, 
which have no physical reality. Thus magnetic flux density 
(B) should be based upon a search-coil experiment and Fara- 
day’s laws; unit current should be defined from Ampére’s laws 
for the mechanical foree experienced by two circuits when carry- 
ing the current in series. Magnetic flux should be regarded to 
exist in a magnetic circuit when current-turns are applied to the 
circuit; induction or flux density at any point of the path of a 
magnetic circuit may be regarded, in the way usual to engineers, 
as due to the application at the point of a certain number of 
current-turns per unit length of the path. It would be a neces- 
sary consequence of a system of definitions of this kind to require 
the specification of the permeability of vacuous space Mo, expres- 
sing the quantity with dimensions by which a certain number of 
current-turns per unit length must be multiplied to give the 
value of the induction By (often wrongly called H) in vacuo and 
the additional statement of specifie permeability—a numeriec— 
denoting the number of times Bo is augmented to B when vacuous 
space is replaced by a given material. 

If we can decide how we shall define our magnetic quantities, 
and I desire to make a strong plea for some such experimental 
basis as I have indicated, the decision should go far to settle the 
best system of units and the problem of nomenclature. In the 
interest of uniformity and clarity of thought I would respectfully 
suggest that the I. E. C. invite discussion and agreement upon 
the major question of definition before taking up the choice of 
units and their names. 


G. S. Gibbs: (communicated after adjournment) In my 
opinion the names maxwell, gauss, oersted, etc., are superfluous 
when applied to these units. No names for them are needed. 
As a rule an author need not even indicate whether he is using 
the C. G.S. or the practical unit. Misunderstanding will seldom, 
if ever, arise if no such indication is made. However, if an 
author considered it necessary it would complicate matters less 
to designate the unit as C. G. 8. or practical than to attempt the 
use of any system of names. 

Cecil L. Fortescue: (communicated after adjournment) 
This characteristically fair and unbiased statement of a com- 
plicated matter brings out the two essentials that have to be 
dealt with before any question of nomenclature can be settled, 
viz.: ; 

a. To decide upon the definitions of the quantities themselves. 

b. ‘To determine whether there are, in fact, any grounds for 
departing from the C. G. S. system and its practical decimal 
multiples and submultiples. 

The first of these two essentials involves the dimensions of 
permeability. This seems to be purely a matter of convention. 
Many of us, by sheer force of habit and association with text 
books of thirty years ago, pay lip service to the idea of entirely 
unknown dimensions for both permittivity and permeability. 
But a eareful examination of our actual mental process never 
seems to be quite in keeping with this idea. None of our every- 
day practical measurements makes either quantity other than a 
numeric and in the light of present day views of the constitution 
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of matter there is equally no justification for the adoption of a 
convention leaving the dimensions of # and K uncertain. ‘That 
being so, H and B are only alternative names for the same thing, 

z., the state of space giving rise to a mechanical force on the 
pole of amagnet. This attitude will certainly be objected to on 
the grounds that magnetizing force and flux density are mani- 
festly different things. The answer to this objection, however, 
is that there is a very general confusion between magnetizing 
force and magnetic field strength, arising from the fact that often 
they are the same and generally they are denoted by the same 
letter, H. The confusion vanishes if magnetizing force is defined 
as that component of the magnetic field attributable to current- 
carrying coils or magnets external to the medium under discus- 


sion. Another objection to this attitude is that a/ MK Kis com- 
monly regarded as having the dimensions of the reciprocal of a 
velocity. But according to the electromagnetic theory it is 


4/ & K/c, where c is the ratio of the units, that has the dimen- 
sions of the reciprocal of a velocity, and it is at least as logical and 
far more reasonable to attribute the dimensions of velocity to c. 
For, though at first sight c is merely the ratio of two magnitudes 
it is in reality more than that, viz., a relation between two differ- 
ent observable properties of the ether of space which in different 
ways may be used to measure a quantity of electricity. It is one 
of the peculiarities of the medium that the two states should lead 
to simply self-consistent measures of quantity and there is no 
difficulty in adopting a convention requiring that this relationship 
should have dimensions. 

For these reasons, and mainly because they seem on examina- 
tion to be the nearest approach to the actual views held by most 
physicists and engineers, the writer has for many years advocated 
the convention of B and H, both denoting field strength and yw 
being a numeric. 

With regard to the second essential upon which a decision is 
required, the only reason for departing from the e. g. s. system 
seems to be that the practical and theoretical units should be 
made to coincide. But is not this advantage very much over- 
rated? The practical units of today are not those of tomorrow, 
e. g., volt and kilovolt. Moreover the range of magnitude over 
which electrical measurements are made is so wide that decimal 
multiples and sub-multiples for practical working are always 
inevitable. The advantage to be gained is therefore very slight 
and in view of the general adoption of the ¢. g. s. system for all 
theoretical work it seems almost impossible that the great 
inconvenience (not to say cost) of the change could ever be 
justified. Anyone who has had experience of the slow progress 
of the introduction of .a decimal system of units into Great 
Britain will realize the colossal effort and powerful arguments 
that would be necessary to bring about a departure from the 
e.g.s.system. And so far as the writer can see, these arguments 
do not exist. 

“The Future is greater than the Past,’ and this is not to say 
that no change will ever be made. As knowledge advances some 
stage may well be reached where a stock-taking and reorganiza- 
tion of the units is unavoidable. It is merely the writer’s 
contention that this stage has not yet been reached. But in 
expressing this view he does not wish to suggest any failure to 
appreciate the great value of Dr. Kennelly’s description of the 
various new systems that have been proposed up to date. A 
frequent examination of all these proposals is one of the essential 
necessities for the progress of science. 

D. P. Savant: Itis my opinion that the ec. g.s. system should 
be left as it isat present. Ifa “‘practical’’ system is desired, then 
it seems to me that the m.-k.-s.-ohm would be preferable. 

H. H. Race: There is one change in nomenclature which I 
believe would result in a simplification of present practise. We 
now use the terms: 

resistance and resistivity 
conductance and conductivity 
reluctance and reluetivity 
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permeance and permeability 
elastance and elastivity 
capacitance and permittivity 

In each case except the last the name of the quantity per unit 
volume has the same root as the quantity from which it is derived. 
The reason for the difference in the last ease is that historically 
two names, capacitance and permittance, have both been used 
for the same quantity. 

For simplicity we should use ezther “‘capacitance, 
and “capacitivity’’ or ‘‘permittance,’”’ ‘‘permittor,” 
mittivity’’ and we should not use words from both sets. 

It seems to me that the first set should be retained aoe the 
second set discarded for the following reasons: 

1. The words capacitance and capacitor are Tare used 
generally in the literature and therefore the word capacitivity 
should find favor and ready adoption. 

2. The word permittance is not used and therefore the word 
permittivity should be dropped in favor of the word capacitivity. 

3. Both roots should not be used because of the confusion 
caused to students, teachers, and readers of technical literature 
who are not extremely well acquainted with the present nomen- 
elature. This is especially true of foreigners who look for a 
different meaning in the two words and may confuse dielectric 
with magnetic phenomena because of the similarity between the 
words permeability and permittivity. 

H. L. Curtis: This paper gives a very excellent résumé of 
the historical development of electrical and magnetic units. It 
points out the unsatisfactory conditions of the magnetic units at 
the present time and invites discussion as to the best system of 
units to adopt for international use. 

In my opinion the Giorgi system has more disadvantages than 
advantages. It uses the international ohm as one of the basic 
units. However, the international ohm does not have the same 
definiteness as do the units of mass, length, and time. Any 
attempt to make it definite will probably involve the establish- 
ment of a denite value for the permeability of space. It there- 
fore seems better to base the system on the permeability of space 
rather than on a derived unit which assumes the constancy of 
this quantity. 

I agree with Professor Kennelly that the first step in establish- 
ing the units is to agree on the definitions of the magnetic 
quantities. The present stumbling block seems to be in deter- 
mining whether magnetizing force and magnetic induction are 
the same physical entity and hence should be defined in terms of 
the same unit. That they are different theoretical entities 
seems to me to be shown by the fact that in a erystalline material 
the two vector fields which represent these quantities may 
not have the same direction. Hence it seems to me essential to 
distinguish between these two quantities in establishing a system 
of units. 
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It does not seem unnatural to me that the magnetic units 
which are derived from the practical electrical units are not 
of convenient magnitude for general use. It does not seem pos- 
sible to establish any extensive system of units which are based 
on fundamental physical laws in which all of these units will be 
equally convenient for practical use. This condition exists in 
the strictly mechanical units where the fundamental units 
centimeter, gram, and second are of convenient size but the 
derived unit of work, the erg, is too small to be of practical use 
so that a multiple, the joule, is commonly employed. 

I note several inconsistencies in the abbreviations for square 
centimeter and cubic centimeter in Table IT. 

Leigh Page: (communicated after adjournment) The 
subject of electromagnetic units presents a situation which has 
become more and more complicated the further science has 
developed. At the present time three systems of c.g. s. units 
are in common use: the electrostatic system (e.s. u.), the elec- 
tromagnetic system (e. m. u.) and the Heaviside-Lorentz system 
(h.l.u.). The first two are used generally by the experi- 
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menter, e.s. u. being employed if his problem is one involving 
electrostatic phenomena, or e. m. u. if he is working with mag- 
netic substances, currents, or induced electromotive forces. 
On the other hand the h.1. u. system is employed in nearly all 
recent papers and text-books on electromagnetic theory both in 
the United States and abroad. Finally the electrical engineer 
uses a system of practical units (q. e. s.) obtained from the elec- 
tromagnetic system by employing the earth-quadrant {(10)° em.} 
as unit of length and the eleventh-gram {(10)-# gm.} as unit of 
mass, the second being retained as the unit of time. Nearly 
all electrical instruments are calibrated in q. e. s. 

The seriousness of the situation lies in the fact that the funda- 
mental equations of the science are in many cases different 
according as one or another system of ¢. g. s. units is employed. 
Thus the student has to learn that the force in dynes between two 
charges q and q’ at a distance r apart is 
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F=e = ine. m. u. 
Pe) 
iv 
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Fortunately the practical system (q. e. s.) as given by Maxwell® 
does not introduce a new set of.equations, the equations used 
being identical in all cases with those expressed in e. m. u. The 
practical units differ from the electromagnetic units solely in the 
choice of a larger unit of distance and a smaller unit of mass. 
The practical units which have received international approval 
are the joule, watt, volt, ohm, ampere, coulomb, farad, and henry. 
I shall refer to these eight as the recognized practical units. 


Recently Giorgi, and Dellinger and Bennett* have proposed 
new systems of units which preserve the eight recognized practi- 
cal units mentioned above but which differ from the q.e.s. 
system in that they change the form of many of the fundamental 
equations. If either of these systems should be adopted by the 
electrical engineer the student would have to memorize four sets 
of fundamental equations instead of three as at present. Again 
the Giorgi and Dellinger-Bennett systems make the specific 
inductive capacity and the permeability of empty space dimen- 
sional constants differing greatly in magnitude from unity. 
For this there is absolutely no warrant in our present theory, 
which leads unambiguously to such expressions as B = H 
+47 I (e.m.u.), showing at once that B, H, and J are all to be 
expressed in the same units and that u is a pure number having 
the value unity for empty space. To attribute magnitude and 
physical dimensions to the permeability of empty space replaces 
“economy of thought” by profligacy of thought. It is about as 
reasonable as to write the fundamental equation of dynamies in 
the form 

F=kma 

where k is some mysterious dimensional constant of magnitude 
(10)9/4 7 (or any other value you choose) which makes force a 
quite different thing from the product of mass by acceleration. 
Furthermore it is important in this connection not to lose sight of 
the fact that B inside a permeable medium is the mean H, and 
that the quantity generally known as the magnetic field intensity 
or magnetizing force is really not the H actually existing in the 
medium at all, but the purely fictitious field which would exist if 
each amperian circuit were replaced by an equivalent mag- 
netic shell. 


The adoption of either the Giorgi or Dellinger-Bennett system 
of units would make a bad situation much worse for anyone whose 
interest covered the whole field of electromagnetism. Even for 


3. “Electricity and Magnetism,” Vol. II, p. 268. 
4  A.K. Kennelly, Magnetic Circuit Units, A. I. E. E. Proc., Jan. 1930. 
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those whose attention is limited to the field of circuit-theory 
alone, such small advantages as the inclusion of the commonly 
used volt/em. as a unit in the Dellinger-Bennett system are 
acquired at the expense of a meaningless dimensional constant 
for the permeability of empty space. It is a simple matter to 
show that Maxwell’s (q. e. s.) system is the only one which can 
preserve the eight recognized practical units and at the same time 
preserve the form of all the equations of electromagnetism as 
deduced in electromagnetic units. 


The object of this contribution is to propose two systems of 
units, one ec. g. s. and the other practical, which are free from the 
objections mentioned above and which should satisfy the require- 
ments of theorist, experimenter, and engineer. The proposed 
systems are based on the following criteria: 


1. A single set of equations shall suffice for both proposed 
systems of units. If an equation is deduced in ¢. g. s. units the 
same equation shall hold in practical units and vice versa. Thus 
the student need learn only a single set of equations instead of 
three sets as at present, or four sets as would be required if the 
Dellinger-Bennett system of units should be adopted in place of 
Maxwell’s q. e. s. system. 

2. The eight recognized practical units shall be retained in 
the proposed practical system. This requirement is essential 
on account of the general use of these units and the fact that 
nearly all electrical instruments are calibrated in terms of them. 

3. The set of equations chosen shall exhibit the symmetry 
existing between electrical quantities on the one hand and mag- 
netic quantities on the other. 

The only system of units in general use at the present time 
which satisfies condition (3) is the h.1l.u. system. Therefore 
we shall write our fundamental equations in the form: 


ee 
Fete, re (1) 
mm’ 

Fs aciwe @) 
wx Ae DS (3) 
VXE=- : B (4) 

D=E+P=kE (3) 

B=H+I1=wuH (6) 

F=q[ E+ v xB | (7) 

V=SfE.dl (8) 

i=ja=—= (9) 

R = ad (10) 

v7 
cup 
ae aT (11) 
V 

eam TREES (12) 

dt 


choosing as the system of ¢. g. s. units to be employed the h.1l.u. 
units advocated by Heaviside and Lorentz and generally used by 
writers on electromagnetic theory. The symbols appearing 
in these equations have their usual significance, c¢ being the 
velocity of light, V potential or e. m.f., 7 current density, and 
A cross-section. 
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The problem remaining consists in investigating the possibility 
of choosing new units of time, length, and mass so as to obtain a 
practical system employing the same fundamental equations in 
which the units of energy, power, e.m.f., resistance, current, 
charge, capacitance, and inductance shall be the eight inter- 
nationally recognized units. -Evidently it is necessary in so far 
as the pairs energy-power and charge-current are concerned that 
we preserve the second as the unit of time. Therefore we may 
introduce new units of length and mass only. Denoting h.1.u. 
by letters without subscripts and units in the proposed practical 
system by the same letters with the subscript p, we have 


[tp] = If] (tpl = a[l] = aem., [My] = B [M] = B em. 
We shall use a similar notation for the numeries associated with 
each physical quantity, using a letter without subseript in the 


= 1 se¢., 


ease of h. 1. u. and with the subseript pin the case of the pro-° 


To determine the two constants a and B 
Let us consider energy and charge. 


uf Mee ]- «80, Ee 


Up = 


posed practical units. 
we need two equations. 
Then 


MP 
u[ 4 ]-9 


a 5 
But Up = (10)7°U 


in order that the joule shall be the unit of energy in the practical 
system. Therefore 


a? B = (10)’. (1) 


Similarly for charge 


1/2 ]3/2 1/2],.3/2 1/2 ]3/2 
Alte . | = % | lp ]-ea-0,[ 2" | 
p 


1 
a3/2 prx/2 


Up = q, 


and if the coulomb is to be the practical unit of charge 
: aa i) 
Le tas (10) ¢ 


where € is the number 


€ = 0.299796 V4m = 1.06275 
Hence 
a B = e (10). (2) 
Solving (1) and (2) for wand B 
a = & (10)%, B= ae (3) 


The numbers @ and 8 being known, the six remaining practical 
units may be determined. Evidently the units of power and 
eurrent are the watt and the ampere respectively, since the second 
has been retained as the unit of time. Employing the method 
used above for the other units, the units of e. m. f., resistance, 
capacitance, and inductance are found to be the volt; ohm, 
farad, and henry respectively. Therefore requirement (2) 
is satisfied. In this connection it should be noted that induc- 
tance is defined as the e. m. f. per unit time rate of decrease of 
current and not as the flux of induction per unit current. The 
two are not equivalent in the system of fundamental equations 
which have been chosen, e. m.f. being the (1/c)th part of the 
time rate of decrease of flux. 

We conclude with a table of the more important. equivalents 
in h.].u. and the proposed practical units, giving the unit in 
parentheses in cases where it has received a name. The quanti- 
ties listed are the numerics in each ease. The ratio of the units 
is the reciprocal of the ratio of the numerics. : 
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Proposed 
practical B, Les 

TUM. icra beter ee eee aero tp (sec) = ft (sec) 
Length ts, stoic eee ose lp = e (10) -18/ (em.) 
Masai; cnsstek Be SOS eae ies My = e4 (10)!° M (gm.) 
Ore). tere ere ee neice Fp =e (10)° F (dyne) 
PONV GY Gos Moree tenes Seo es Up (joule) = (10)~7 U (erg) 
POWer Sk ee eee Pp (watt) = (10) ~7 P (erg/sec.) 
Charge ces eet ee eee dp (coulomb) = e! (10) q 
Elect. Potsorie. im: tase wees ee Vp (volt) = e5 ACLOO 
Elect. Int., Elect. Disp. and 

polarization... seco eee E =e (10)!§ E 
Capacitance... grt ts Cy (farad) = ee (L0)me Guerin 
Ourrent hs oe ee ee ee ip (ampere) =e (10) “7 
Resistance et net. otters oi ee Rp (ohm) =e (10)!% R (sec. /cm.) 
Pole'strengthis:. jako ns-e ose Ip = e (10) 19 m 
Mag potsor in. iat ates eee Q, =e (10)? 9 
Mag. Int., Mag. Ind. and Int. of \ 

Of Magica aan Cae ae Hp =é (10) 7 
Inductamce’,. ..k.104 sos er ee Ly (henry) =e (10) Z (sec.2/em.) 


The velocity of light in the proposed practical units is 
Sh 1 
~~ EST6.7385 


and the powers of € appearing in the electrical quantities in the 
table are 


€ 2(10)"¥% ¢ = 0.00265438 


Col 


= 11 O60 7ouae eee 
Sale 0.940955 
e = 1.12944 = eines 
gion ~ 0.885396 
€?,=.1,20031 = Sandee 
are. ~ 0.833118 


The specific inductive capacity k and the permeability ju, being 
pure numbers, have the same values in the proposed practical 
units asin h.].u. The first is the same as in e.s. u. and the 
second is the same as ine. m. U. 

We shall consider now some of the objections which may be 
raised to the scheme proposed. The most serious of these is that 
some of the fundamental equations as well as many of the 
ratios of the ce. g.s. to the proposed practical units demand a 
knowledge of the velocity of light. This, however, is a charac- 
teristic of any complete set of equations, whether we use e. m. u. 
or any other system of units. Furthermore, in view of Michel- 
son’s extremely accurate determination of the velocity of light 
this objection is not likely to lead to changes in the ratios com- 
parable with the errors of even the most precise electrical mea- 
surements for a great many years to come. 

Next Ampére’s law and Faraday’s law in the proposed units 
involve the constant factor (1/c). This factor, however, is no 
more troublesome in numerical calculation than the factors 
47 and (10)~* which the engineer is accustomed to use at the 
present time. In fact, the proposed equations have the ad- 
vantage that only one factor need be learned, instead of two as 
at present. On the other hand the proposed scheme does not 
alter the form of the Equations (10), (11), (12) which are the 
ones perhaps most used by the engineer. 

The plan proposed, then, has the following very vital advan- 
tages over present usage. (1) The equations are in symmetrical 
form. This results in halving the number of relations between 
practical and c.g. s. units. Thus the ratio of # to EZ, is the same 
as that of H to Hy, and so on. (2) Only one set of equations 
need be learned, instead of three as at present or four if the Giorgi 
or Dellinger-Bennett system were adopted. The quantities 
k and Mare pure ratios having the same values in ¢. g. s. and 
practical units, and the indefensible introduction of dimensional 
constants of magnitude far from unity for k and yp of empty 
space is avoided. (3) The eight internationally recognized 
practical units are retained unaltered in the proposed scheme. 


April 1930 


L. W. McKeehan: Professor Kennelly points out that a 
decision regarding the likeness or unlikeness of the quantities H 
and B is necessary before any detailed recommendation regarding 
‘a system of magnetic units can be made. I wish to show that 
there is no physical basis for supposing H and B to be different 
in kind. If, then, as a matter of convenience it is still desired to 
retain both symbols, the quantities they represent should, it 
seems clear, be measured in terms of the same unit. The least 
disturbance of existing practise will probably result if this unit is 
ealled the gauss.* 


Ideas regarding the constitution of matter have changed a good 
deal since the time of Maxwell, when the subject under discussion 
first arose in its present form. Even as late as 1900 it was still 
allowable to regard matter as essentially continuous, and to 
speak without apology about many spatial properties of matter, 
such as density, electrical resistivity, and magnetic permeability. 
It was even allowable to attribute such properties to space itself 
(then called the luminiferous ether). When we use these terms 
nowadays we are ignoring the whole of modern physics. The 
present physical hypothesis regarding matter is that it consists 
of continuous distributions of positive and negative electricity in 
relative motion. The elementary electrical charges, electrons 
and protons, of which matter is still imagined to be built, have, 
to be sure, lost the definite boundaries it was, until recently, 
customary to imagine about them, but the electric charge density 
within the space which matter ‘‘occupies”’ is still supposed to vary 
enormously from point to point. Different kinds of matter 
differ, on this hypothesis, only in the arrangement, amount, and 
relative velocity of these distributed electric charges. 


Now if we knew completely the motion of electricity every- 
where in space we could, at least formally, ealeulate a value of H 
at every point, whether the point was, as we have been accus- 
tomed to say, in “empty space” or in “matter.” We should 
notice at once that in “empty space” the values of H would not 
vary rapidly as we changed the place, or the time, for which the 
calculation was made. In “‘matter’’ on the other hand it would 
make a great difference in H to change the place considered by as 
little as 10-° centimeter, or to change the time considered by as 
little as 10-'° second, to take reasonably large changes, on atomic 
seales, in both eases. 

If we decide, in view of this fine-grained structure of H, to 
consider only its average value over such large spaces and such 
long times as may be necessary to get nearly constant values in 
“matter” as well as in “empty space,’ we will find that this 
average value is precisely the value of B which a believer in 
continuous matter would have to postulate to explain the results 
of ordinary (i. e., large-scale and slow) measurements. 

In order to support this statement, which may be very sur- 
prising to many engineers, let us conduct an imaginary experi- 
ment, as follows. Select a region in which H has the constant 
value H,, and in which, therefore, there is no ‘matter already 
present to interfere with further operations. Into this region 
introduce, one at a time, iron atoms, each consisting of electricity 
of both signs in relative motion, and each capable of producing 
a non-uniform magnetic field of consequence in the space it 
occupies and in the immediate neighborhood. The average 
value of H in a small volume including our first iron atom is 
different from what it was before, because an atom of iron has 
that special kind of motion of its electrical charges which we mean 
when we say an atom is paramagnetic.® The average value will 
be greater than H, if we place the iron atom so that the intense 
part of its local magnetic field agrees in direction with Ho, and 
will be less than H, if we reverse the orientation of the atom with 
respect to Hy. The average value of H in the whole volume at 
our disposal is affected in the same sense as in the small volume 


5. The plural of gauss may be either gausses or gauss. I prefer the 
latter as more euphonious. 
6. This is a deliberate circumlocution for the statement: ‘‘An atom 


of iron has a magnetic moment different from zero.”’ 
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by the introduction of the first atom, but, of course, to a smaller 
degree. 

Let us now arbitrarily decide to put all the atoms into places 
iron atoms might occupy in a bar of iron of any convenient size, 
and to place them all in the right way to raise the average value 
of H in the space thus filled. Let the average value so attained, 
when all are in place, be H’. The bar of iron thus created is 
easily seen to be magnetically saturated in the original direction 
of Ho. 

Let us repeat the experiment from the beginning, first changing 
external conditions in such a way that the original field has the 
value — Hp, and taking care to put in every atom in such a way 
as to make the average H within our new bar of iron more and 
more negative, finally attaining the value,— H’, corresponding 
to negative saturation. 

Let us now repeat both the processes just described, but let us 
do at one stroke the unbuilding of bar number one, the reversal 
of H, and the building of bar number two, and wateh what 
happens in a search coil, surrounding the middle of the space 
where the bars are to be annihilated and created, and connected 
to.a ballistic galvanometer. This measuring device records, of 
course, just what it would if the search coil surrounded a vacuum 
of the dimensions of the bar, in which we reversed a magnetic 
field of intensity H’. (The throw of the ballistic galvanometer 
is proportional to the surface integral of the normal component 
of H’ over the area bounded by the search coil.) But we have 
done exactly the same thing in our imaginary processes as can 
actually be done with a single bar of iron by reversing Ho, if Ho 
is chosen high enough to keep the real iron bar magnetically 
saturated. In this more feasible experiment the quantity we 
would expect to measure with search coil and galvanometer 
would be what we usually call the magnetic induction, 7. e., B. 
(The throw of the ballistic galvanometer is proportional to the 
surface integral of the normal component of B over the area 
bounded by the search coil.) We have therefore proved that 
B = H’',and H’ by hypothesis was the average value of H 
within the bar, including the effects of the atoms present within 
its boundaries. 

I have pointed out in another place (Optical Society of America 
Jl. and Rev. of Scientific Instruments 19, 1929, 213-242) that 
whether we make measurements by artificial electric circuits or 
by those natural electric circuits which are found in ferromag- 
netic metals, we measure the average magnetic condition in a 
relatively extensive space and for a relatively long time, 7. €., 
we measure B or its changes. If I am right in thinking that 
sub-microscopic H and average H, or B, only need to be dis- 
tinguished because our senses or instruments are not acute 
enough to perceive their common origin, I am, of course, also 
right in advocating a single unit for both and in denying dimen- 
sions to the factor fs in the equation B = pw H. 

The equation B = uw H, by the way, is an extremely awkward 
equation in some respects. The factor 4 assumes all values 
between + © and — © for one and the same specimen of any 
ferromagnetic material as we traverse a hysteresis loop. The 
effort to restrict what we may be allowed to do to H (and B), so 
as to limit this erratic behavior of u, and make it useful in the 
description of materials, is interesting but would carry us too 
far into the subject of magnetic testing. The equation B = H 
4 47 I upon which B = ¢ H may be considered to depend, has 
the advantage, by comparison, that J has a limited range of 
values and that the maximum value of J seems to depend more 
simply upon the nature of the magnetic material than does any 
other magnetic vector. The disadvantage of the equation 
B =H +47 /is that H appearing in it isa fictitious magnetic - 
field due partly to completely external electric currents and 
partly to the motion of electricity in the non-adjacent regions of 
the piece of matter under investigation. 

The magnetization, J, is of course an average quantity just as . 
much as B is, so I am not defending its use as necessary on 
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physical grounds. Pole strength and magnetic moment are 
other average quantities that are only useful if we know when to 
abandon them. Regardless of how earefully we may define 
and name such properties and suitable units for expressing their 
values, we need not be surprised if they quietly drop out of use in 
due time. Meanwhile I suggest caution in sponsoring too 
many of these temporary concepts. 


Much of the confusion that now exists regarding magnetic 
units arises from forcing the analogy, pointed out by Du Bois, 
between electric and magnetic circuits. That the analogy is 
imperfect is plain from the fact that the maintenance of a steady 
electric current, in a circuit composed of imperfect conductors 
of electricity, requires a continuous expenditure of energy, 
whereas the maintenance of a steady magnetic current, in a 
circuit composed of imperfect conductors of magnetism, does not. 

Another word of caution may be in order on devising names for 
the reciprocals of useful units. The physicists and chemists 
have long been using the phrase ‘“‘per gram”’ as part of the names 
of many compound units but I have never heard it proposed to 
substitute for this phrase the word ‘“‘marg.”’ Too much con- 
sistency in nomenclature may be as bad as too little, if we merely 
succeed in adding items to the long list of things that everyone 
must succeed in forgetting as soon as he hears them. Similarly, 
it does not do to be too particular about having a fundamental 
unit of a “convenient” size, as convenience is not an absolute 
property. The student of atomic properties has more reason 
than the electrical engineer to criticize the c. g. s. system for not 
furnishing him with convenient units of mass, length, or time. 
Nevertheless, he continues without complaint to use the ¢. g. s. 
system for theoretical work and to accept in his results as many 
powers of ten as may be necessary (10° appears in a recent 
paper). The units used in expressing the results of routine work 
need not, of course, be basic units in any system. Finally, if 
anybody is much confused by the factor 4 7 which crops up here 
and there in the ¢. g. s. system and in the various substitutes 
mentioned in this paper, he may adopt Heaviside-Lorentz units, 
as many theoretical physicists have already done. 

A. E. Kennelly: The interesting discussion with which the 
paper has been favored has clearly revealed how serious are the 
differences of opinion among us as to the definitions and inter- 
relations of the terms used to describe the magnetic circuit, and 
how great is the need for standardization in this field, both 
nationally and internationally. It is evident that before we can 
hope to accomplish any useful constructive work on magnetic- 
unit terminology, we must first seek agreement on the definitions 
of certain fundamental terms, especially as to magnetizing force 
H, magnetomotive force $, magnetic flux ¢, permeance @, and 
specific permeability pu. 

It has been shown in the discussion that the symbol H is used 
with two meanings, namely: 

1. Gradient of m. m. f. as expressible in gilberts per em., or 
ampere-turns /em. 

2. The magnetic field produced in free space or nonmagnetic 
material by the gradient of m. m. f. or gilberts em. 
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Here No. 1 is the cause, and No. 2 is the effect. No. 1 can be 
determined, in simple cases, from a knowledge of the ampere- 
turns linked with the magnetic circuit and the mean length of the 
same; whereas No. 2 is associated with a resulting state of stress 
in the magnetic circuit, detectable by iron filings, compass needles, 
or a twistable search coil. If we can secure agreement upon limi- 
ing the use of H to gradient of m.m.f., under the name of magnetiz- 
ing force, and requiring that all fields shall be designated by B 
with suitable subscripts, such as B, for the field in free space, it 
would seem that agreement may be facilitated. We then have 
in circuits of nonmagnetic material: 

BG io Eds 
where [Mo is space permeability. In the ¢. g. s. magnetic system, 
the numerical value of ,is taken as unity. The question is 
however, whether Mo is a mere unity number, or whether it has 
physical dimensions. If it is a mere number, then B, is physi- 
eally identical with H, and both may be expressed in gilberts per 
cm. In that ease, the maxwell, as a unit of flux ¢, becomes 
identical with a gilbert-cm., and it becomes proper to express 
magnetic fluxes in gilbert-em. The name maxwell for the unit of 
flux ¢ becomes not erroneous but superfinous. We thus have 
the alternative of taking 4. as dimensionless, with flux density 
B, expressible in gilberts per cm., and flux ¢ expressible in gilbert- 
cm., or of taking Mas having dimensions, and keeping the maxwell 
as a necessary name for flux, together with the maxwell per cm.? a 
necessary name for flux density B. 

There seems to be more likelihood of securing agreement on 
dimensions of some kind for Mo, with necessary retention of the 
maxwell, than for a purely numerical value for “, and no need 
for the maxwell. 

It seems to be generally admitted, however, that relative per- 
meability or specific permeability, 7. e., the ratio of flux density B 
in a magnetic material, such as iron, to the flux density B, in 
free space under the same magnetizing force, is a mere numeri¢ 
and therefore does not call for a unit name. Thus, specific 
permeability is generally accepted as 


(maxwells per em.?) 


flux density in medium B 


ie flux density in free space a Bo 


(numeric) 


The absolute permeability of a magnetic material, at a specified 
value of magnetizing force H, would then be the ratio of the flux 
density produced in the material to the exciting magnetizing 
force H, or 


flux density in the medium 


4 


The precise dimensions of absolute permeability, as regards 
length, mass, and time, have not yet been ascertained. 

In any case, we must agitate for discussion and analysis in all 
countries, in order to enable international agreement to be 
reached on some logical basis. 


mld magnetizing force 


gausses ) 
gilberts per em. 


Simulating Sunlight 


A New Era of Artificial Lighting 
BY M. LUCKIESH: 


Member, A. I. E. E. 


Synopsis.—The beginning of a new era of artificial lighting in 
which health is to be considered as well as vision is proclaimed in 
this paper. Facts regarding the health-giving properties of ultra 
violet radiation from the sun are outlined and the production of 
similar radiation by artificial means is discussed. Various methods 


sents both the intent and the result of man’s 
declaration of independence from Nature. Arti- 
ficial light has played a dominant role, for without it 
the present degree of independence would be greatly 
curtailed. 
When artificial lighting began with the burning of 
crude materials, the first great new era within which 
relatively minor ones were born was inaugurated. The 


l \HE artificial world—material civilization—repre- 


second great era began with the practical production of 


artificial light by means of electricity—the arcs and the 
filament lamps. We have now passed the threshold 
of another era which suggests a potentiality as great as 
the two major ones which preceded it. The possibility 
of this new era has been sensed by only a few persons— 
whose work and position direct their imagination be- 
yond the horizon. And this new era of artificial lighting 
of extended purpose—using radiant energy for health 
as well as vision—has arrived unannounced in this 
broader sense. 

This dream of simulating sunlight and dispensing 
whatever health benefits there are in midsummer 
sunlight, while providing light for vision, has its be- 
ginning in the impressive logic of sunlight as a powerful 
environmental factor. It has been stimulated by some 
sound scientific facts which have been unearthed during 
the past 40 years. It has not been influenced by the 
recent craze for ultra violet radiation proclaimed as 
a cure-all by charlatans or others who profit blandly 
or blindly in the twilight zone of knowledge. 

No attempt will be made to marshal all the major 
scientific facts which emphasize the value of sunlight. 
Admittedly, these are far outnumbered by vague data 
and unsupported claims. Sunlight does cure and pre- 
vent rickets; therefore, it is important to the health of 
children. In some places the death-rate is highest in 
or shortly after the season when sunlight is at its 
minimum. There is some evidence that fewer colds 
are experienced by a group of persons systematically 
exposed to artificial sunlight than by a group not ex- 
posed. Sunlight is closely related to one or two vita- 


1. Director, Lighting Research Lab., Incandescent Lamp 
Dept., General Electric Company, Nela Park, Cleveland, Ohio. 

Presented at the Winter Convention of A. I. E. E., New York, 
N.Y., Jan. 27-81, 1930. 


of obtaining the desired rays are mentioned and considerable infor- 
mation is given on a new tungsten filament mercury vapor lamp 
which has been developed to provide this radiation conveniently 
and safely. 


mins—possibly to all. The effect of a single exposure 
to powerful ultra violet radiation for only a few minutes 
ean be detected for two and sometimes three months 
after. The possible benefits of sunlight outdoors are 
intricately interwoven with those of exercise and fresh 
air. However, few intelligent persons would insist that 
sunlight is not beneficial. These are examples of facts 
having sound or only partial foundations. But be- 
neath all this is the powerful logic of sunlight as an 
environmental factor upon which all life depends di- 
rectly or indirectly. It has been bathing this earth 
since the most primitive life began. Plants have de- 
veloped under its heat and light. Eyes have evolved 
to see by its energy of certain wavelengths. Vitamin D 
at least is manufactured by it. Thousands of photo- 
chemical reactions selectively utilize its energy of 
various wavelengths. Viewing the completed picture 
of which the foregoing is only fragmentary, is it possible 
to believe that sunlight—so interwoven into life- 
processes—is not directly beneficial to human beings? 
Is it not easy to suspect that its benefits extend far 
beyond present knowledge and even far beyond the 
ability of our imagination to encompass at the present 
time? 

The most important detail in the production of arti- 
ficial sunlight is the short-wave cut-off of the spectrum. 
Ideally, this should be in the neighborhood of \ 2900 
because no energy of shorter wavelength* reaches the 
earth from the sun. The upper atmosphere is responsi- 
ble for this restriction. Apparently, through the forma- 
tion of ozone, the radiation of shorter wavelengths is 
absorbed. Practically, the short-wave cut-off forgan 
artificial sunlight can extend somewhat further into the 
ultra violet. The limiting factor is the production of 
conjunctivitis or inflammation of the outer membrane 
of theeye. The long-wave limit of energy which causes 
this inflammation depends upon the intensity of radiant 
energy. For example, we may obtain any degree of 
erythema or sunburn outdoors in sunlight without 
conjunctivitis under the usual conditions. However, 
when large quantities of sunlight are reflected into the 
eyes from the snow, the eyes may become painfully 
inflamed. 


*For brevity, \ 2900 means a wavelength of 2900 Augstrom 
units. 


511 


30-33 


512 


Indoors, in the best lighting practise, the intensity of 
illumination is only a small fraction of that outdoors 
during most of theday. Therefore, from a source which 
approximately simulates sunlight the ultra violet radia- 
tion would be of low intensity compared with that of 
midsummer sunlight. Our experiments with artificial 
sunlight at intensities of illumination many times those 
of present lighting practise have not produced any sug- 
gestion of conjunctivitis, notwithstanding the presence 
of relatively large quantities of energy of \ 2800 and of 
measurable quantities as short as \ 2600. It appears 
therefore that the practical cut-off for artificial sunlight 
to be used indoors with the restrictions now operating 
in lighting practise need not be longer than \ 2800, and 
perhaps can be even less. 

Obviously, in order to be practicable for general light- 
ing and even safe for “‘self-treatment,” it should not be 
necessary to wear goggles. Sufficient is known of 
transmitting media so that the “goggles” can be placed 
upon any source otherwise suitable. Many glasses 
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Fic. 1—Important Data PERTAINING TO SPECTRAL RANGES 
have been developed for this purpose and more can be 
made to meet the requirements. It remains only to 
decide upon the short-wave cut-off. Inasmuch as the 
spectral cut-off of any glass filter is not abrupt, it is 
more practical to have it approximately at \ 2800 than 
at \ 2950, the usual limit of the solar spectrum. 

The next point of primary interest is the relative 
importance of the distribution of energy throughout 
the spectrum. There is plenty of evidence that a line- 
spectrum, such as that of the mercury are with energy 
of many wavelengths absent entirely, produces results 
similar to that of outdoor sunlight. Furthermore, 
photochemical reactions are produced usually over a 
range of wavelengths and not by a single wavelength. 
Therefore, it does not appear necessary to reproduce the 
solar spectrum wavelength for wavelength. 

The production of erythema or “‘sunburn’’ is usually 
desired at present as visible proof of the presence of 
ultra violet radiation. In fact, the energy (near 
d 2970) which is most effective in producing erythema 
appears to be the most effective in preventing and curing 
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rickets. Certainly, in the light of present knowledge 
the most important ultra violet radiation in respect to 
life and health seems to be between d 2800 and \ 3100. 
Energy measurements by means of physical instruments 
are valueless for the present purpose until they are 
interpreted into curative or health value. Erythema 
measurements are at least a step between physical 
effect and physiological benefit and from what is known, 
they appear to be a fair indication of certain curative 
and preventative results. 

Although many tacitly assume that erythema is a 
necessary forerunner of curative or health value, this 
has not been proved to be true; in fact, we have positive 
evidence of beneficial results without any suggestion of 
erythema or “‘sunburn.’”’ For example, definite im- 
provement in animals having severe rickets has been 
obtained with tungsten-filament lamps in special bulbs 
at an intensity of illumination of 20 foot-candles with 
daily exposures of several hours. In one case, rickets 
in animals fed upon a restricted diet were prevented for 
several weeks. Professor R. Adams Dutcher has 
reported results with an ordinary 50-watt tungsten- 
filament lamp which indicate definite improvement in 
rickets in animals. Such investigations indicate that 
the threshold value of ultra violet radiation is suf- 
ficiently low to view with encouragement the possible 
new era of lighting for health as an accompaniment to 
lighting for vision. In our indoor world we are exposed 
to artificial light for several hours daily throughout 
much of the year. 

Of the sources now obtainable for producing an effec- 
tive substitute for midsummer sunlight, tungsten fila- 
ment lamps are not without promise, although much 
research is necessary to establish their value broadly. 
The mercury arc can be made in a suitable glass so that 
powerful and safe ultra violet radiation is obtained. Tbe 
quality of light from the mercury arc is not generally 
acceptable but tungsten filament lamps can be com- 
bined with it to overcome this objection. The carbon 
ares and any modifications are possibilities although 
their disadvantages in general lighting are as serious as 
they have been heretofore. New sources satisfactory 
in simplicity, in quality of light, and other important 
phases are likely to be developed. 

The first new practical source for simulating sunlight 
which has been developed with this possible new era 
in mind is a tungsten-mercury arc known as the Sun- 
light (TypeS-1) lamp. A tungsten filament operates in 
parallel with a mercury are between tungsten elec- 
trodes. The hot filament near a pool of mercury 
vaporizes the latter and the are is completed almost 
instantly after the switch ison. The bulb consists of a 
glass with a suitable spectral cut-off. The lamp can be 
operated throughout a wide range of angles and it has 
no movable parts. For general use it has the primary 
requisite—simplicity. 

The Type S-1 lamp is a low-voltage source and the 
volt-ampere characteristic of the transformer is im- 


Transactions A. I. E. E. Al 


April 1930 


portant. At present the wattage is approximately 400 
but there appear to be no insurmountable obstacles in 
the way of altering the wattage considerably. The 
voltages are approximately as follows: no-load, 35 
volts; when only filament is operating, 33 volts and 9 
amperes; after are starts, 11 volts and 30 amperes. All 
this operation normally takes place almost instantly 
after the switch is thrown. The light is whiter than 
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(Owing to the limitations of photography, it is difficult to illustrate the 
relative amount of energy in the various portions of the spectrum. The 
amount of energy emitted by the Sunlight (Type S-1) lamp shorter than 


2800 is very small, so that the mercury lines between 2800 and 
2600 should show very slightly in this illustration 


that which would be obtained from melted tungsten. 
As measured with the eye and an ordinary photometer, 
the amount of light which is emitted by the various 
elements is somewhat under the control of the designer. 
At present, about 68 per cent is emitted by the tungsten 
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At present, the most important ultra violet region is between 2800 
and \ 3200 


electrodes, 25 per cent by the arc, and 7 per cent by 
the filament. 

Owing to the promise of this new source and also 
tungsten filament lamps, a good deal of research has 
been prosecuted in the past year from the point of view 
of a possible new era of lighting. It has been found that 
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the reciprocity law holds for the production of erythema 
by radiation from the Type S-1 lamp over a range of 
25 to 400 foot-candles at least; that is, equal products 
of time of exposure and intensity of radiation produce 
equal degrees of erythema over this range and probably 
beyond. In other words, if it requires 10 min. at 400 
foot-candles to produce a minimum perceptible 
erythema, 160 min. at 25 foot-candles would produce 
the same result. This is a very important fact which 
has been studied elaborately for the first time. In so 
far as erythema is indicative of beneficial effect, these 
results are seen to apply within the economic range of 
illumination levels in general lighting. To conjecture 
upon the possible benefit of lower intensities of illu- 
mination, we may view with encouragement the results 
already obtained with the mild ultra violet emitted by 
tungsten filament lamps with special bulbs. 

Naturally, in investigations aimed to indicate the 
possibilities of artificial lighting of the extended purpose 
under discussion, the foot-candle remains an important 
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factor. It has been found that the radiation from the 


present Type S-1 lamp is as high as 50 times more effec- 
tive per foot-candle than midday midsummer sunlight 
in the production of erythema. On the same basis, 
the radiation from the quartz mercury arc, with which 
goggles must be used, is 600 times more effective per 
foot-candle than sunlight. Of course this difference 
would be greatly reduced by a glass envelope restricting 
the utlra violet radiation from the quartz mercury arc to 
d 2800 and longer. Even then it would still be more 
effective per foot-candle than the Type 8-1 lamp be- 
cause its radiation is emitted entirely from the arc 
which is by far the most effective producer of ultra 
violet of the three sources in the Type S-1 lamp. 

If it were practicable indoors to produce and utilize 
intensities of illumination from an artificial source 
comparable with those of midday midsummer sunlight 
outdoors—7000 to.9500 foot-candles—the ideal sub- 
stitute would be one which closely approximated the 
spectral character of such sunlight. However, at the 
present time, even 200 foot-candles from an artificial 
source is found to be “difficult to live with’’ by most 
persons, particularly at night. Therefore, an effective 
substitute forfsunlight must have much more of the 
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health-maintaining radiation per foot-candle than mid- 
summer sunlight. 

Such a result can be accomplished (1) by extending 
the short-wave limit further into the ultra violet region 
and (2) by providing relatively more ultra violet radia- 
tion in the spectral region near the short-wave limit of 
the solar spectrum. In developing the Sunlight (Type 
S-1) lamp both these expedients have been utilized with- 
out sacrificing safety, provided reasonable caution is 
exercised as is necessary in the case of midsummer 
sunlight. 

The short-wave limit of the best sunlight is at \ 2900. 
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{nasmuch as the spectral transmission of a filter of 
special glass does not end abruptly, \ 2800 was adopted 
as the practicable short-wave cut-off in order to con- 
serve the radiant energy between d 2900 and A 3100 
(which is particularly effective in preventing rickets, in 
producing erythema, ete.) without being harmful to the 
eyes in reasonable quantities. Owing to the lack of 


100 T bel | 
30 - oat t 
4 


porcelain Ename/ 


Aluminum 


| 


Chromium 
60 + y,{cKe) 


50 = Zinc 


Sree) | rT 


i Sih 
=t- 4 


10 POLISHED METALS 


eo 
tc} 


n 
° 


REFLECTANCE (PERCENT) 
> 
3 


0 | EN eS 
2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000 
WAVELENGTH (A.U.) 


Fic. 6—TueE SpectRAL REFLECTION OF A NUMBER OF POLISHED 
METALS 


abruptness of the short-wave cut-off of the glass, slight 
amounts of radiation of somewhat shorter wavelengths 
are also transmitted. However, the radiation from 
Type S-1 lamps has been proved by adequate tests to 
be so limited in quantity and quality of ultra violet 
energy that the eyes are safe without goggles under 
reasonable usage. The ultra violet energy between 
2800 and X 3100 is known to be particularly beneficial 
to health. Therefore, in order to produce an effective 
substitute for sunlight at reasonable intensities of 
illumination, relatively much more energy in this region 
has been provided than that in the solar spectrum. 

It is seen that an exact reproduction of the spectrum 
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of sunlight is impracticable so long as popular demand 
insists upon the same degree of effectiveness from low 
intensities of artificial sunlight indoors as from high 
intensities of midsummer sunlight outdoors. This is a 
very important foundation-stone underlying the pro- 
duction of a sunlight substitute and an understanding 
of it is equally important. 

Inasmuch as the bulb of the Sunlight (Type S-1) lamp 
blackens during the life of the lamp, it is of interest to 
know the effect of this coating upon the output of ultra 
violet energy. This has been studied in three ways 
throughout the life of the lamp, viz., by photographing 
its spectrum, by energy measurements of the important 
spectral lines, and by determinations of the time required 
to produce a given degree of erythema. These mea- 
surements all show a satisfactory maintenance of ultra 
violet radiation during the life of the lamp, and in many 
cases an actual increase instead of the decrease to be 
expected because of the blackening of the bulb. 

Many glasses solarize—decrease in transparency to 


' ultra violet energy—after exposure to radiation of short 
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wavelengths. This effect is usually obtained at ordi- 
nary temperature and may be reversed by heating the 
glass to a high temperature. The bulb of the Type 
S-1 lamp is at a fairly high temperature while being 
exposed to the ultra violet radiation which perhaps 
accounts, partially at least, for its stability or non- 
solarization. 

As the lamp ages the bulb blackens and the absorp- 
tion for the total radiation increases, thus increasing 
the temperature of the bulb. Apparently the increased 
temperature varies the conditions of the are in such 
manner that there is an increase in the amount of ultra 
violet energy radiated by it sufficient, or more than 
sufficient, to offset the increased absorption by the 
deposit on the bulb. 

In our studies of the production of erythema by these 
lamps we have tested a number of them when new and 
at various times during life. Several persons were 
exposed to the lamps operated in a Sunlamp equipment, 
at a distance of 30 in. from the reflector. All indicate 
a satisfactory maintenance of ultra violet output and 
many show anincrease. Under certain conditions very 
great increases of desirable ultra violet radiation can be 
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obtained as the bulb blackens. These results are in 
accord with measurements of relative energy at certain 
wavelengths most effective in producing erythema. 

We have made other tests to determine whether 
erythema production is proportional to the energy at 
certain wavelengths. Within the errors of such mea- 
surements we find that the erythemal effectiveness of 
the radiation from Type S-1 lamps is proportional to the 
energy at \ 2967 or \ 3024, in the total radiation inci- 
dent upon the skin. 

Sources such as carbon and mercury arcs, emitting 
considerable ultra violet radiation, are often used for 
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fading tests to accelerate the fading. This is partially 
responsible for the general impression that the ultra 
violet portion of sunlight and skylight is particularly 
active in the promotion of fading. 

In 1925 we made an investigation* to determine the 
relative fading by daylight and artificial light in show 
windows. One factor studied was the relative effective- 
ness of different spectral regions in sunlight. For this 
purpose we used nineteen ribbons dyed with various 
colored dyes, some of them quite fugitive. Transverse 
strips of these ribbons were exposed to direct sunlight 
through clear quartz and through various glasses having 
different short-wave cut-offs but which were highly 
transparent throughout the remainder of the spectrum. 
For the majority of the ribbons the reduction of fading 
as the spectrum was shortened at the short-wave end 
was little more than might be expected on account of 
the reduction in total radiant energy transmitted by the 
successive glasses. However, for half of the ribbons 
there was a marked difference in fading between expo- 
sures under glasses cutting off at \ 5570 and \ 5770 
respectively. 

These results are confirmed by a much more extensive 

*‘The Fading of Colored Materials by Daylight and Artificial 


Light,” M. Luckiesh and A. H. Taylor, Trans. I. E. E., 20, 1925, 
p. 1078. 
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investigation recently completed, by the American 
Association of Textile Chemists and Colorists, with 
samples of cotton, wool, and silk. They found that the 
presence or absence of a window-glass cover over the 
samples exposed to daylight had practically no effect 
on the fading of 74 per cent of the samples, only a 
slight effect on 22 per cent of them, but a marked effect 
on the remaining 4 per cent. 

Recently we exposed the same ribbons used in 1925 
to the radiation from a Type S-1 lamp in a Sunlamp 
equipment, the distance being 30 in. In this case a 
glass cover was not used over the ribbons as was the 
case in the previous test. The following is a condensed 


summary of the results. 
For Same Degree of Fading 
Length 
Illuminant Foot-Candles of Exposure 


Gas-filled Mazda............. 50 2600 hours 


Gas-filled Mazda............. 500 240 hours 
Light from clear sky.......... (In northeast window) 18 days 
Sunlight plus skylight......... (In southwest window) 5 days 
G. E. Sunlight Type S-1 lamp. 500 70 hours 


The daylight exposures were made from dawn to dusk 
on clear summer days with the ribbons in a fixed posi- 
tion. Those exposed in the southwest window, receiv- 
ing direct sunlight through glass about five or six hours 
daily, faded as much in five days as they did in 70 hr. 


Fic. 9—SuHowine THE TUNGSTEN FILAMENT, TUNGSTEN 
E.ecrropes, AND Mercury Arc IN OPERATION IN THE SUN- 
LigHt (TypE S-1) Lamp 


of continuous exposure to the Type S-1 lamp at an 
illumination of 500 foot-candles. 

In entering this broader field an entirely new point 
of view must be developed toward reflecting and trans- 
mitting materials. Most substances, including the 
usual finishes of walls and ceiling, do not conserve ultra 
violet radiation between \ 2800 and A 3100. However, 
extensive data are already available which indicate that 
some common materials such as chromium, aluminum, 
oxidized aluminum, some white pigments, and plaster 
are satisfactory reflectors of ultra violet as well as 
visible radiation. Translucent quartz is inexpensive 
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and other diffusing media can be developed to conserve 
the desired radiant energy while diffusing the light. 
In this brief survey of a possible new era we have 
reached in our imagination the point where persons are 
working and playing under simulated sunlight. In 
many places—nurseries, schools, gymnasiums—abbre- 
viated dress may be utilized. In the work-world is it 
sufficient to expose only our hands and face? There 
is no evidence that these areas are insufficient. On the 
golf course and in many other outdoor activities only 
these areas are exposed; still, it is believed that sunlight 
is beneficial. Certainly we know that the benefits of 
ultra violet radiation are not confined to the area ex- 
posed. Chickens, rats, and guinea pigs are cured of 
rickets, notwithstanding the clothing of feathers or fur 
over most of their bodies. The medical profession 
cures rickets in children by exposing their backs or 
bellies. In fact, there are reasons for believing that 
the threshold of area exposed, just as of time and in- 
tensity, is within practicable limits which can be met in 
every-day conditions under artificial lighting. 


Many questions remain unanswered and there are 
important gaps in knowledge. However, even in a 
brief discussion such as this, there are enough facts and 
sufficient promise to lead us with reasonable certainty 
from the conception to the realization of a new era of 
artificial lighting which includes the possibility of 
health-maintenance. . 


Discussion 


L. J. Buttolph: In Dr. Luckiesh’s able analysis of the 
possibilities in hygienic lighting and his prophecy of a new era in 
the art there is a suggestion that this may be accomplished by 
only slight modifications of devices which have already proved 
their general utility as artificial light sources, and in confirmation 
of this I wish to call specific attention to the paper entitled “A 
Dual Purpose Light,’’ by Hughes, Titus, Payne, and Klein in the 
April, 1927, issue of the Illuminating Engineering Society Trans- 
actions, in which the conclusion is that “‘the Cooper-Hewitt glass 
tube lamp contains a sufficient amount of ultra violet to be a 
distinct advantage when these health giving rays are desired, 
and also has the advantage of containing no wavelengths short 
enough to produce any deleterious effect on the eyes.’ Dr. 
Hughes has since studied extensively the relative effectiveness 
for this purpose of this same standard Cooper-Hewitt lamp, as 
used in industrial illumination, a Cooper Hewitt lamp identical 
with the standard lamp but made up in a glass tube of greater 
ultra violet transmission, such as is used in the S-1 lamp, and a 
quartz mercury are as used by the medical profession. He 
again finds the older standard lamp measurably effective in the 
prevention of rickets or weak legs in chickens but the lamp in 
slightly greater ultra-violet transmitting glass many times as 
effective and for practical purposes comparable with the quartz 
ares. Exact ratios will soon be ready for publication. These 
observations have been based on growth curves, on X-ray photo- 
graphs of the bone development, and on the calcium content: of 
the bones. 

The effectiveness of the standard lamp is due to the use of so 
thin-walled a glass tube as to transmit a useful intensity of the 
3022 line of the mercury are and relatively still more of the 3132 
line. The new glass tubing extends the practical wavelength 
limit, down to 2900, or slightly less. Lamps equipped with these 
tubes of enhanced ultra-violet output are being given further 
study by Dr. Hughes, are in trial operation for general lighting 
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in several industrial plants, and are being used at Cornell Univer- 
sity in a study of the possibility of preventing common colds, or 
at least of decreasing their intensity among students. The work 
at Cornell University is already being given publicity in the 
newspapers. The evaluation of general health in an industrial 
plant is a slow and difficult matter, so as yet the only definite 
report I can make is that the quality of the light is such as to 
produce definite tanning from exposure during the ordinary 
working hours, and in at least one case an operator working very 
close to alow hung lamp has received an unnecessary artificial burn. 

In this connection I would call attention to the fact that a 
manufacturer of medical equipment is now putting out an 
artificial sunlight lamp for home use equipped with tube lamps 
identical in every characteristic with the lamps used for industrial 
illumination, except that a glass of slightly greater ultra violet 
transmission is used and the tube is doubled back upon itself 
into a more compact form. 

Evidence is rapidly accumulating that the mercury arc either 
combined with an incandescent lamp as in the S-1, or alone, as in 
the Cooper Hewitt lamp, will be entirely adequate for the new era 
of hygienic lighting. Apparently, the only remaining problem 
is that of determining the optimum ratio of ultra violet to visible 
component for practical use, and I believe that Dr. Luckiesh has 
made an excellent first approximation of this ratio. 
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M. J. Dorcas: I have been interested for some years in the 
development of sources of light that would be similar to sunshine 
—you might say simulating sunshine—and partially because of 
that interest I realize the greatness and importance of this de- 
velopment which Dr. Luckiesh has described to us tonight. 

In the source of artificial sunlight in which I have been 
interested, the carbon are, the development is slightly different; 
the result which we get is slightly different; the radiation is 
slightly different than that which is given by the filament and 
mereury are combination, and I should like to discuss very 
briefly some of those differences and some of the reasons why 
those differences exist. 

Fig. 1. In discussing sunshine, if we are going to simulate sun- 
shine, we must first determine what the sunshine is to be. We 
can never hope to get an absolute duplication of sunlight that will 
stay sunlight for very long because the sunlight itself is changing, 
but you can assume a standard or average sunlight. 

One of the most important questions is what will be the short 
end or short ray of cut-off of that sunshine. This is a series of | 
curves made by Dr. Hauser of Germany, who also made the 
curve of erythema shown by Dr. Luckiesh. These curves do not 
conflict in any way with those of Dr. Luckiesh, which show the 
amount of radiation of different wave lengths required to produce 
the faintest detectable erythema while the curves now shown 
record the relative persistence of the different erythemas. If 
we have equal amounts of radiation of a variety of wavelengths, 
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we find in two hours and 30 minutes afterwards an erythema 
around 3000 augstroms, and we get erythema produced by shorter 
wavelengths. Atfourhoursand 30 minutes those are still growing. 

We see that the shorter wavelengths cause an erythema which 
develops very rapidly and comes to a maximum in about six 
hours. The longer wavelengths develop much more slowly, and 
cause an erythema which for several days is still increasing. 

From the standpoint of a photochemist, that indicates two 
separate and distinct photochemical reactions. That means we 
are getting two separate and distinct kinds of erythema produced. 
The reactions in the skin are of two separate kinds; the products 
are different, and therefore the physiological effects are different. 
It indicates further that we have only two kinds, and that any of 
the radiation in this one peak here will cause only that one kind 
of photochemical decomposition, and any radiation in the curve 
under the second peak will cause a second and a different kind. 

That gives us a definite clue as to where the end point or the 
short-wave cut-off of our artificial sunlight must be if we are 
going to get an effect that is like sunshine; that is, it must be 
somewhere around 2750 or 2800 augstroms. Perhaps we can go 
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consider the effect on the eyes. If we consider only the matter of 
causing erythema, if we consider only the matter of the formation 
of Vitamin D, (the antirachitic effect), we find that this part of 
the spectrum, around 3000 augstroms, is the most important. 
The importance of Vitamin D is very great. It cannot be 
overemphasized. 

There are other effects, however. The resistance of the human 
body to bacterial infections seems to be changed by the exposure 
to various light sources. It is not definitely proven just what 
wavelength causes that change in resistance to bacterial effects. 
Growth seems to be somewhat a function of the amount of light 
or radiation received. We do not know just exactly what 
wavelength causes that. 

As Dr. Luckiesh pointed out, plants are dependent in general 
for their very life on wavelengths of radiation as long as 4000, 
5000, or perhaps much longer wavelengths. Much of their 
growth is due to the absorption of radiation by chlorophyl, a 
colored substance that absorbs visible and ultra-violet radiation 
of various wavelengths. 

In the human body there are many compounds which are 
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down a little bit farther than that, possibly down to 2700 or 
slightly less, without getting any perceptible amount of the kind 
of effect that is different from that caused by sunshine. This is 
in perfect agreement with Dr. Luckiesh’s ideas. These curves 
are significant only with respect to the formation of an erythema. 
They do not indicate anything about any other kind of physio- 
logical effect. However, we have the information about the 
effects of different wavelengths with respect to the formation of 
Vitamin D, from the pro-vitamin, which is probably one of the 
sterols, and there is reason from our studies of that reaction to 
think that a cut-off of 2700 or 2800 augstroms, will be satisfactory 
as a duplication of sunshine as far as this physiological effect goes. 

There might at some future time be some information that 
would make us cut off our short wave end of the structure at 
exactly 2900, or 2917, which is the short wavelength end of 
natural sunshine, but at present we see no reason why we cannot 
get a duplication of effects by wavelengths as short as 2800. 

This comes to the same conclusion as that of Dr. Luckiesh but 
from a somewhat different line of reasoning. This does not 
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colored, and there are at least some theories that those colors are 
of some significance in absorbing various kinds of radiation. 
We cannot say definitely at this minute whether these other 
wavelengths are all of equal importance, or whether they are of 
comparatively little importance. However, there is some indica- 
tion that they are of importance, and therefore if we are to get a 
physiological effect that is in all respects like sunshine, we must 
have a somewhat comparable ratio of long wavelengths to short 
wavelengths, or one wavelength to another, the same as we have 
in sunshine. 

Fig. 2. This represents one other type of light source, a 
carbon are lamp with a somewhat thinner screen than that which 
was described for the Eveready sunshine lamps in Dr. Lukiesh’s 
paper. This is the curve of energy radiation through the three 
millimeter thick of screens which is now used in such lamps. 
We get a very similar duplication of wavelength for the curve 
which is natural sunlight, and the curve of the carbon are lamp 
radiation. 

This is a table which shows percentage distribution for different 
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groups of wavelengths comparing the sum and the above 
mentioned Eveready carbon are lamp. The upper row of figures 
would be the sunshine and the lower the carbon are lamp. 
This table is from a recent paper by Greider and Downes. The 
close approximation of sunshine throughout is shown by this 
table. 


TABLE I 
PERCENTAGE DISTRIBUTION OF RADIATION—SUN AND 
EVEREADY SUNSHINE ARCS. ARCS SCREENED 
WITH COREX ‘‘D” GLASS 
Non- 
Anti- penetrating | Penetrat- Total to 
rachitic ultra violet | ing red and | 14,000 A. 
ultra violet | and visible infra-red watts X 
2900- 3100- 6500- 10~’ per 
3100 A. 6500 A. 14,000 A. sq. mm. 
SUI. one teins ee 0.019 44.3 55.6 7260 
Eveready Sunshine : 
Twin Arc Lamp 
12-amp. 28 x 2 
VOLES; mettre 0.09 44.5 55.4 240 


There is a possibility of a very great variation in the ratio of 
wavelength of one sort to another that can be obtained either by 
the carbon are lamps or these others of the filament type. Prob- 
ably still other lamps which are yet to be developed can give us a 
kind of radiation of most any sort that is required. 
for future experiments to tell which of the various ratios is the 
one that we need most. 

Herman Gocdman: In work with skin diseases, it is my 
particular function to study sunburn, artificial sunburn, from 
many sources of radiation. JI have heard Dr. Luckiesh before 
and I have discussed his concept of the possibility of measuring 
the vital ultra violet component of various artificial sources and 
natural sunlight by the foot-candle meter which he recommends 
to physicians. 

The active source of radiation for sunburn, whether from 
natural or artificial sources, depends, as has been stressed so 
much this evening, on a very specific radiation, about 2987 or 
3000 augstrom units. If one takes a source of radiation such as 
sunlight, which has a radiation of about 3000, in late afternoon 
or possibly in spring, fall, or winter, one finds it is not possible 
under the ordinary time limits of such sunshine to get an 
erythema or sunburn. 

One may have artificial sources of radiation which in the 
laboratory gives radiation around 2987, and yet one would not 
get asunburn. The reason therefor, as far as I have been able to 
determine experimentally, is that one must have a certain 
threshold of intensity of this sunburning radiation before the skin 
shows the effect of the exposure. 

It is possible to take a source very rich in sunburning ultra 
violet, as the mercury vapor are in quartz, very effective at 24 
inches, we will say, operating at 4 amperes, 75 volts direct 
eurrent, clinical, air-cooled model, and diminish the radiation by 
various glasses until little of the 2987 passes to reach the skin, 
and even if exposure is up to two hours one does not get any 
erythema at all. 

We had, for example, a lamp at the hospital which a misin- 
formed nurse had cleansed daily with alcohol mixed with formal- 
dehyde. That lamp did show in the laboratory radiation 
emitting from the lamp of 2987, yet a patient placed under that 
lamp and inadvertently kept there one hour and forty-five 
minutes, did not show any erythema whatsoever. It was 
equivalent to a very, very mild heat lamp. In estimating what 
type of radiation gives forth sunburn, one should know what 
would be the threshold value, which is as yet undetermined in 
ergs, to be put into such a lamp. 

Further, as to the foot-candle meters, it is possible to sunburn 
in the dark. One can use a piece of Dr. Gage’s glass, which cuts 
off practically all visible light and only permits about 10 per 
cent of the visible ultra violet to go through. One can get a very 
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nice sunburn in complete darkness in that way. It takes about 
twice as long without that black filter because the transmission 
range of the glass is about 54 per cent at 2987, and then again it 
would show that the ordinary foot-candle meter which measures 
visible light is not an acceptable measure for the ultra violet 
component even so far as erythema is concerned in white people 
who have not been sunburned. 


But now let us take a colored man in whom it is not possible 
under white light to determine whether he has been sunburned or 
not, and a person who has been very, very much sunburned in the 
past. I will say that as far as the lay person is concerned, the 
non-medical attendant, it is very important to let him have a 
semblance of sunburn which comes from sunburning ultra violet. 
That is very different from the evanescent redness which comes 
on very soon, which is due to other parts of the emission, for 
example, the heat portion of the emission from every source of 
light whether natural or artificial. 


M: Luckiesh: Dr. Goodman persists in misinterpreting my 
suggestion as to the use of foot-candles. He points out several 
obvious cases in which foot-candles are meaningless or useless. 
However, when we come to the point of using mercury arcs, 
Type S-1 lamps, or other sources in dual-purpose lighting—for 
health as well as for vision—foot-candles remain a very essential 
measure of quality of light and we can develop for each source the 
data pertaining to foot-candle minutes exposure which will 
produce a minimum perceptible erythema or any desired fraction 
of it. For example, as I pointed out, 30 in. from the G. E. Sun- 
lamp, in which the Type S-1 lamp is used, the intensity of illumi- 
nation is 400 foot-candles. At this intensity of illumination an 
exposure of ten minutes or 4000 foot-candle—minutes will 
produce a minimum perceptible erythema. Also, I have in- 
dicated that the reciprocity law holds satisfactorily over at least 
two or three hours; therefore, an exposure of 160 minutes to 40 
foot-candles will be 4000 foot-candle—minutes and would 
produce very closely the same degree of erythema. 

The erythemal effectiveness of other sources can be rated in 
the same way. For example, a quartz mereury are with a thin 
glass accessory which transmits practically all the radiation 
longer than \2800 is very much more potent from an erythemal 
standpoint than the source just discussed. Only three or four 
foot-candles are necessary to produce a minimum perceptible 
erythema in 160 minutes. Such intensities of illumination are 
too low to satisfy the requirements of lighting for vision. As a 
consequence, it would be necessary to use ordinary Mazda lamps 
or some other light-souree which did not supply erythemal 
radiation in order to build up the foot-candles to take care of 
lighting for vision. Dr. Goodman does not look at this in a 
practical manner from the point of view of my paper, which is 
that of dual-purpose lighting. 

If the professional therapist wishes to know the relative 
effectiveness of the radiation which he is using, he can utilize a 
foot-candle meter just as effectively as he can utilize any of the 
other present methods. I am assuming that common sense is 
used in any case. Dr. Goodman places too much confidence in 
energy measurements. These are valueless unless interpretable 
into biological action. The matter is a very simple one of a 
spectral nature, but this is no place to discuss the simple physics 
of the subject. There has been a good deal of demand for such 
measurements as microwatts per square centimeter at a given 
distance from a source of ultra violet. Anyone who is familiar 
with spectroscopy knows that energy measurements within a 
certain spectral range cannot safely be used to appraise illumi- 
nants or radiant energy differing widely in spectral character. 
Such demands arise from too little knowledge which so often has 
been proved to be dangerously misleading. 

I am very much surprised to hear Dr. Goodman say that it is 
not possible to determine whether or not the skin of a colored 
person has been sunburned. Erythema is readily visible on the 
skin of colored persons. 
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Synopsis.—The present paper describes an attempt to determine 
the distribution of energy in the electric arc by the calorimetric 
method. The total energy input to the arc was measured by a 
specially calibrated watthour meter. The energy dissipated at the 
anode and at the cathode was estimated by the temperature rise of the 
electrodes, which was measured by mercury thermometers. In 
experiments with the iron, copper, and carbon arcs, the anode and 
cathode were of the same weight and shape and were provided with an 
identical heat insulation. Since the ratio between the energies dis- 


sipated at the anode and at the cathode was made independent of 
the losses by radiation and the absolute values of energies involved, 
tts determination was made with sufficient accuracy. In the case of 
iron or copper arcs in air this ratio was found to be practically unity. 
The presence of different fluxes alters the distribution of energy 
between the anode and cathode. In the case of an arc maintained 
between graphite electrodes, the energy at the anode was much higher 


than that at the cathode. 
* * * * * 


INTRODUCTION 


HE total energy input to the are can be accurately 
determined by means of the usual measuring 
instruments. However, when the electric arc is 

used as a tool for electric welding, it is useful to know 
not only the total energy in the arc, but also the dis- 
tribution of that energy between the anode and cathode. 
This information is desirable for the purpose of deter- 
mining the conditions for the most rapid melting of the 
electrode and for the effective fusing of the plates to be 
welded. 


As has been shown by many physicists, the distribu- 
tion of energy in the are can be calculated. The heating 
of the cathode is due to the bombardment of its surface 
with positive ions which acquire a considerable velocity 
by moving through the cathode fall. This energy is 
increased a small amount by the heat of neutralization 
of these ions on the surface of the cathode, by a certain 
amount of heat evolved by oxidation reactions taking 
place either on its surface or in its vicinity, etc. The 
most important factors which determine the heating 
of the cathode are the ratio between the positive and 
negative ions in the immediate vicinity of the surface of 
the cathode, and the value of the cathode fall. These 
factors have been determined with precision for arcs 
maintained between non-vaporizing electrodes in such 
gases as helium, argon, and mercury, but corresponding 
values for an iron arc maintained in air are not known as 
yet with certainty. The anode is heated principally by 
the bombardment and by the absorption of released 
latent heat of condensation of the incoming electrons. 
We must also know for our calculations the value of the 
anode fall and the ratio between the electrons and the 
positive ions. However, at the present time, it is 
practically impossible to calculate with sufficient ap- 
proximation the heat evolved at the cathode and the 
anode of a short iron arc of any considerable intensity. 

The experimental method of determining the distri- 
bution of energy in such an arc is, therefore, the only 
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alternative. Although it cannot claim great precision, 
in the case of an iron arc of a type similar to that used 
in welding, it gives some useful information on this 
subject. 

A great difficulty in making the necessary measure- 
ments is the inherent peculiarity of the iron welding arc. 
As the oscillogram in Fig. 1 shows, the voltage across 
the arc is a pulsating voltage of an average frequency of 
300 cycles. When a molten globule passes across the 
arc from the rapidly melting electrode to the weld, the 
arc is momentarily short circuited and its voltage drops 
practically to zero. 
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Since the molten metal from the electrode is deposited 
into the opposite crater, all the energy consumed in 
melting the electrode is mechanically transferred to this 
crater. In other words, the energies put into the cath- 
ode and the anode are periodically added together. 
Except for radiation and other losses, the total energy 
of the are is eventually transferred into the weld. 
The speed of welding, however, depends not only on the 
total energy of the arc, but also on that part of the total 
energy of the arc which is utilized in melting the welding 
wire. In other words, it depends on the distribution of 
energy in the arc. 


EXPERIMENTAL METHOD 


As a first approach to the solution of this problem, 
the following method was developed to measure the 
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ratio between the energy input of the anode and the 
cathode. The underlying thought in planning these 
experiments was to approach as near as possible to the 
conditions under which the iron arc is used as a welding 
tool and yet to eliminate all the unessential factors 
which might obstruct the solution of the problem. 
As has been mentioned above, one of these factors is the 
short circuiting of the are by the molten globules. 


Fig. 2—Arc Exvecrropes Usep In TEsts 
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The first series of tests, therefore, was conducted 
under conditions in which the short circuiting of the are 
did not take place. As Fig. 2 shows, the anode and 
cathode consisted of small steel cylinders of identical 
shape and weight. They were polished to reduce the 
losses by radiation and except for the small surface 
at one end, were protected by an efficient heat insula- 
tion, consisting of a cushion of dry air enclosed in a 
cylinder of thin polished copper sheet. Near their 
outer ends these electrodes were provided with holes in 
which thermometers of the same calibration as to heat 
capacity and sensitivity were inserted. 

As Fig. 3 shows, direct current was supplied by a 
constant potential source of 275 volts. A heavy re- 
sistance balance supplemented by considerab’e re- 
actance connected in series insured a supply of current, 
practically independent of small variations in the volt- 
age of the arc. Also, since the heat capacity and heat 
insulation of the anode and cathode were practically 
identical, variations of voltage and current in the arc 
during the observation would affect both electrodes 
equally. In other words, the error from this cause may 
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be introduced in estimating the total input energy but 
not in determining the ratio between the energy input 
of the anode and cathode. The time of the burning of 
the are was purposely made very short, ranging from 
30 to 300 seconds. This resulted in a comparatively 
small temperature rise, and, therefore, small losses by 
radiation or conduction. In most of the experiments, 
the difference between the total measured energy 
input to the arc and the sum of the energy measured 
at the anode and at the cathode was less than 20 per 
cent, which indicates that these measurements were 
sufficiently exact for the purpose in view. 

The first series of experiments was made with a 
constant distance of 4 mm. between the electrodes. 
This distance was adopted because the average length 
of the iron welding arc is usually of this value. In suc- 
cessive tests, the currents were increased by steps from 
30 amperes up, until at approximately 135 amperes 
there was a melting of the tips of the electrodes, which 
periodically shorted the arc. At this point, the molten 
metal bridged the gap for a fraction of a second every 
two or three seconds. In every case, the bridge of 
molten metal was disrupted by the short circuit current, 


and the parts of the disrupted globule were then 


separated by the equal surface tension of the molten 
metal on the anode and cathode. 

No transfer of metal from the upper electrode to the 
lower one was observed. This condition of the test 
approached the conditions met in the metallic welding 
are, yet did not contain the factors obscuring the real 
picture of the distribution of energy in the are. The 
temperature curves shown in Figs. 4, 5, and 6 indicate 
that in all these experiments the energy delivered to the 
cathode was practically equal to that received by the 
anode. 

Fig. 7 shows the temperature curves of the copper 
arc. The measured ratio between the anode and cath- 
ode energies was almost equal to one. 


Fic. 3—Circurir CONNECTIONS FOR TESTS 


The second series of experiments was conducted for 
the purpose of determining the influence of the relative 
position of the anode and cathode on the distribution of 
energy in the carbon or iron-carbon arcs. 

Table I gives the results of these measurements. 
The figures given in this table are not averages but are 
individual tests. However, prior to the tabulation of 
these results, every test was repeated several times 
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and it was ascertained that the reported figures repre- 
sent the most accurate observation for each type of arc. 

The total energy developed in the are was measured 
by counting the number of revolutions of the aluminum 
disk connected with the armature of the watthour 
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meter. Since this instrument was specially calibrated 
for the voltage of the arc, the error in determining the 
total energy was probably less than 1 per cent. 

As has already been stated, the energy received by 
each electrode was estimated from temperature rise 
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registered by specially calibrated mercury thermom- 
eters. The error in these estimates was probably less 
than 0.3 of one per cent of the energy input into each 
electrode. 

The losses by radiation were estimated by tracing 
the temperature curves for the cooling electrodes. 
However, since the losses were the same for both 


Fic. 8—Drawine Suowine Hor Gas Buasts AND Arc CorB 


> 
K > 
& 
: rectrode { 
q 
me 
9 
S 
1%) 
4% > 
Sie i eee 8 ‘ RI 3 
S cst s t iN ca S \2% 
a 8 oe eer ie 


—$— 
——— 
— 
—_— 


50 = -450 
— a 
co -40 
‘i | ec N K 2% & 
: i ee Meee 
ps. aee | a a ie [eo las ane SPE ee 
§ Gh Gases 
N Ne ganas DN al Ss leg 
S e UR ee eee 


Z} 


§ > 3 | 

¥ 
ee Ms, 
cS) 4 bs) +e v 
ME eae ee ee 
Ww N Se y KE we 
3 gs x S gs 


Fic. 9—Curves SHowine RaTIO BETWEEN ANODE AND CATHODE 
ENERGIES FOR VARIOUS FLUXES AND ELECTRODES 


electrodes, they did not enter into the calculation of the 
ratio between the anode and cathode energies. The 
total losses from the arc shown in Table I were obtained 
by substracting the measured anode and cathode 
energies from the total energy input to the are. These 
losses are due in part to the evaporation of atoms from 
the cathode and anode spots of the arc. 

A close observation of the are, which can be made 
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TABLE I 

Test NO2: och sees ne ool en ene Eee ees ee 1 2 3 4° 5 6 
ANOGO sds Risk dyseiio heed Sere EP a eee ee eyes Tron Tron Graphite Graphite Graphite Tron 
Cathode. «<5 idee ae ae ee ee es ee ee eee Tron Tron Graphite Graphite Tron Graphite 
Polarity of the upper electrode................... =- + — + _ - 
Total energy developed in the arc, in g-cal......... 16,400 16,400 11,400 13,100 9,840 16,400 
Energy measured at the anode, g-cal.............. 6,380 6,800 7,010 8,400 5,160 7,920 
Energy measured at the cathode, g-cal............. 7,000 6,430 3,140 3,760 4,250 5,330 
Sum of anode and cathode energies g-cal........... 13,380 13,230 10,150 12,160 9,410 13,250 
Losses by evaporation, radiation, etc., in %....... 18.4 19.3 11.0 i hey? 4.4 19.3 

Anode 38.9 41.4 61.5 64.1 52.4 48.2 
Distribution of energy in %......... — 

Cathode 42.7 39.3 273d, 28.7 43.2 Sy 455) 


more conveniently with longer arcs of 10 mm. to 12 
mm., reveals the presence of two distinct blasts of hot 
gases issuing from the cathode and anode with con- 
siderable velocity. These streams exert a considerable 
repulsive force upon each other and undoubtedly con- 
sist of streams of neutral atoms. 

The arc core appears as a narrow bright bluish band 
within these blasts of hot gases. Yet, it does not 
constitute an integral part of the blasts, and, under 
certain conditions, (Fig. 8) may be pushed out of the 
envelope of hot gases. It could be observed, then, as 
a bright bluish band bridging the air space between the 
two blasts or jets of hot gases, tending, like a spring, to 
unite them. This tendency of the are core to locate 
itself within the blast of hot gases is due to the greater 
ease of ionizing those gases than the air. 


Table I also shows that in the case of an iron arc, the 
upper electrode, regardless of its polarity, receives more 
energy than the lower one. This is due to the influence 
of the ascending stream of hot gases. If the necessary 
correction is made, the ratio between the energy devel- 
oped by the arc at the anode and cathode of an iron are 
is almost unity and can be expressed in per cent as 
49.5 per cent for the anode and 50.5 per cent for the 
cathode. 

The third series of experiments was conducted for the 
purpose of determining the influence of various fluxes. 
Fig. 9 shows how various fluxes alter the distribution in 
the arc. 


CONCLUSION 


The experiments described above should be con- 
sidered only as the first approach to the solution of the 
problem of the distribution of energy in the welding 
are. It is realized that other factors, such as unequal 
heat capacity of the electrodes, radiations from the 
larger positive crater, etc., will have considerable bear- 
ing on the heat distribution between the electrodes. 
It may be concluded, however, that in an iron arc, 
the energy developed at the surface of the anode is 
practically equal to that developed at the cathode. 


It should be observed that the above results indi- 
cating equal distribution of energy in the iron arc are 
not in contradiction with the well-known fact that in 
are welding the electrode melts faster when it is made 
positive. Accurate measurements of the are voltage 
and the energy of the arc have shown that the cause of 


the faster melting resides in the direction of the blast 
of hot gases. The blast of hot gases is stronger from 
the cathode spot; therefore, when the electrode is made 
negative, the blast of hot gases from the electrode is 
more powerful than from the anode. The resultant 
blast is, therefore, directed downward, which causes 
greater heating of the metal around the positive crater. 
When the electrode is made positive, the resultant blast 
of hot gases is directed from the weld. It bathes the 
tip of the electrode like a hot flame, producing an effect 
equivalent to preheating. Also, when the electrode 
is made positive, the are is not quite as stable as when 
it is negative. The negative side of the arc wanders. 
The are voltage is greater, and, therefore, greater 
energy is developed in the are. 


When the arc is made quite stable and of exactly the 
same current and voltage and the electrode is pro- 
tected from the blast of hot gases, the rate of melting 
of the electrode is practically the same, whether the 
electrode is made negative or positive. It may also be 
seen how different fluxes placed on the anode may alter 
the distribution of energy in the arc. 


Discussion 


Alexander Churchward: I ask Mr. Alexander about 
showing that the same heat is at the positive as the negative. 
How does he account for it? We have to reverse the polarity 
on bronze, copper, and aluminum electrodes to get the proper 
fusing. 

J. C. Lincoln: I will give the results of the experiments 
which I made a number of years ago and which convinced me 
that there is a difference in the distribution of heat between 
positive and negative electrodes, under some circumstances. 
These experiments are divided roughly into three classes. 


Tn all classes one electrode was clamped in a horizontal position 
and an expert welder held the other electrode in a horizontal 
position, struck the are and burned off the wire, the melted wire 
dropping to the ground. 

When the electrodes were of ordinary low carbon steel ap- 
proximately 0.15, the positive electrode burned off more rapidly 
than the negative. As aresult of approximately 50 experiments, 
the rate of burn off of the positive would be represented by 
approximately 56, while the rate of burn off of the negative 
would be represented by 44. 

When higher carbon electrodes were used, approximately 0.30, 
a similar number of experiments indicated that the rate of burn 
off of positive and negative electrodes was approximately equal. 

When, however, the carbon content was raised still higher to 
say 0.7 to 1 per cent, the negative electrode burned off more 


April 1930 


rapidly than the positive electrode, indicating that with the high 
carbon electrodes, more heat was produced at the negative than 
at the positive terminal. 

With high carbon electrodes, the rate of burn off of the negative 
electrode could be represented by approximately 53, while the 
burn off of the positive could be represented by 47. 

These experiments checked up with the well known fact that 
where low carbon steel electrodes are used, better results are 
obtained when the work is positive and the electrode negative, 
because in actual welding it is advisable of course to have all the 
heat possible developed on the work rather than on the electrode 
and this is further confirmed by the fact that when high carbon 
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steel is used experience shows that it is advisable to reverse the 
polarity and make the work negative and the are positive, because 
with high carbon steel used for electrode more satisfactory work 
is obtained with the polarity reversed. 

P. P. Alexander: The distribution of energy depends on 
the composition of the electrodes. For instance, if, instead of 
pure copper we use an alloy such as bronze, the distribution of 
energy will be different from that observed in the are mentioned 
between pure copper electrodes. 

In the case of steel we should also expect the distribution of 
energy in the arc to be influenced by the carbon content in the 
electrodes. 
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Synopsis.—This paper is directed to engineers interested in the 
application of resistance welding to the industries. The discussion 
foreshadows some of the latest tendencies of development. It deals 
with some fundamentals of design though it is not written as a com- 
plete treatise on the subject, nor especially for those engaged in the 
designing of resistance welding machinery. 

Differentiation is made between the older form of resistance butt 
welding and the later method of flash butt welding. The probable 
action taking place in the flashing zone is discussed, along with the 
effect that increased potential across the weld has on this action. The 
main object in flash butt welder designing should be to combine 
the maximum degree of acceleration of the metals into the flashing 
zone with the proper and necessary e. m. f. 

A study of the power division of a typical butt welder shows that 
the efficiency may be as low as 7 per cent or lower, but that neverthe- 
less it competes with other methods of welding when applied to 
problems of mass production. The effect of external resistance in a 
flash butt welding machine is to offset variations in die contact and 
variations in stock resistance, thus stabilizing the flow of current in 
the flashing zone. 

The power factor of welding machines is not regarded by the de- 
signers as a major element, since the time of application of the current 
is at most but a few seconds. 

No trustworthy factor can be given to determine the power to weld a 
given unit area of metal. This is necessarily so since the efficiency of 


all welding machines is low and varies over wide ranges, and the 
element of time and acceleration of welding, as well as the resistance 
of the materials, all vary. 

The critical part of the flashing cycle is at the beginning when the 
metal is cold. A high rate of acceleration produces the highest and 
quickest heat, which are essential in producing the best type of weld. 
The time required for upsetting the weld is as important in produc- 
ing good welds as is the flashing. 

The difficulty of designing a combination cam to do both flashing 
and upsetting of large sections is illustrated with a diagram of a 
typical cam. 

Methods of projection welding are illustrated. The bad effect of 
overheating by the old method of spot welding is shown by photo- 
micrographs. Photomicrographs of ‘flash spot welds” and “flash 
projection welds” show that these types of welds have a very fine- 
grain structure, and are to be used whenever possible, as in many 
cases they eliminate otherwise necessary polishing to produce a 
smooth surface over the weld. 

Seam welding is done between revolving wheel electrodes. Clean 
stock, such as polished cold-rolled steel, is welded without interrup- 
tion of the welding circuit. Stock having scale can be welded only 
by interrupting the current, which introduces the effect of shock. 
Seam welding is being applied to the longitudinal seams of pipe and 
the process recently has been speeded up by increasing the frequency 
of the power supply. 


ESISTANCE welding, as the term resistance im- 
plies, depends upon the inherent specific resistance 
of the metal to be welded, and in practise the 

welding heat is created by passing an electric current of 
sufficient density through the metal. 

Resistance welding as now applied to the industries is 
practised under three general heads, as follows: (1) butt 
welding, (2) spot welding, and (3) seam welding. 

There are some instances of resistance welding prac- 
tised that lie in rather intermediate points between two 
or more of the above classifications, and such cases are 
not always easy to classify. However, in general, the 
three kinds of resistance welding are quite distinct forms, 
and no difficulty is experienced in classifying them. 


I. Butt WELDING 


Butt welds are made between two pieces of metal held 
in dies as shown in Fig. 1. Butt welding comes under 
two classifications. The older type is known as a 
“straight butt weld,” or frequently called a “resistance 
butt weld.”’ It is produced by clamping the pieces 
to be welded between the dies, forcing the pieces to- 
gether with some pressure, and then applying the weld- 
ing current. The area of contact, at this stage, is 
naturally quite restricted, and the small area is soon 
heated, which flattens down under the pressure and 
permits other areas to come into contact, and likewise 
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become heated. As the hot metal has a very much 
greater resistance than the cold metal, there is a dis- 
persing factor introduced which tends to equalize the 
temperature over the entire surface of the area of con- 
tact. The current is applied sufficiently long to permit 
the joint to become heated to the plastic state, at which 
time the two pieces are forced together vigorously, and 
an upset is produced as shown in Fig. 1. This type of 


Fig. 1—AprprARANCE OF FLASHING ACTION IN Burr WELDING 


weld depends upon the inherent resistance of the metal 
being welded and likewise upon the resistance of the 
contact at the joint, and hence has been termed a 
“resistance butt weld,” in order to differentiate between 
it and the type of weld shown which is generally spoken 
of asa “‘flash butt weld.” 

The difference between the flash butt weld and the 
resistance butt weld lies in the fact that in the latter the 


524 


30-36 


April 1930 


welding potential is applied to the pieces before they are 
permitted to come into contact. Immediately upon 
making contact there is a violent arcing or sparking 
between the pieces, volatilizing and throwing out the 
metal about the contacting areas. This action, called 
“flashing,”’ continues as long as the pieces are made to 
approach, one toward the other. The violence of the 
flashing increases with the increase in the speed of 
approach, assuming that there is sufficient energy to 
cope with the demand. ‘The flashing period covers two 
distinct stages. The first stage is usually accomplished 
under uniform speed of approach, and continues till 
completenormalcy of areas is secured between the oppos- 
ing ends to be welded. As soon as uniform flashing 
over the entire area is secured, then acceleration of the 
parts becomes necessary. The acceleration causes more 
metal to be volatilized and thrown out, and this in turn 
increases the temperature of the ends to be welded. 
The acceleration plays: another very important part. 
It prevents the heat running back toward the welding 
dies, and into the unheated sections, which in turn 
governs the nature of the upset upon completion of the 
weld. The steps, then, in making a flash butt weld 
are as follows: Clamp the pieces under the dies, apply 
the welding electromotive force, cause the pieces to 
approach at uniform speed until normalcy of areas is 
secured by flashing, then accelerate the speed of the 
approaching pieces up to such a point where white heat 
and plasticity are assured, finish with a quick short 
upsetting blow. This process will insure the very best 
type of weld possible to secure, having a strength equal 
to the original metal and the very least possible upset. 
This covers the two essential requirements of all com- 
mercial mass production welds. 

Up to the present time there has not been devised 
any scientific means for determining exactly what is 
happening in the flashing zone. From observation it 
appears that for a given speed of approach of the metals 
to the flashing zone, the higher the welding e. m. f. is 
held, the larger will be the flashing particles evolved, 
carrying with them increased heat and violence, while 
with decreased voltage, the sparks will be finer, not so 
hot, and they will be emitted with less violence. This 
action is well illustrated in practise, when butt welding 
thin sheets, such as No. 20 gage. Permitting the speed 
of flashing and degree of upsetting to remain constant, 
and varying the voltage from time to time alone, it has 
been found that pin holes will show up in the seam when 
excessive voltage is applied. This shows that the 
violent, volcanic action taking place along the seam 
has torn out pieces of plastic metal, leaving the edge 
ragged and toothed, to such a degree that the push up 
was not able to fill the void spaces made by the violent 
flashing. However, increasing the degree of upset 
will in most cases fill up the pin holes again. 

Before the effect of increasing the voltage across the 
weld, comes the further and more important considera- 
tion of increasing the speed of acceleration of the metals 
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into the flashing zone, along with the problem of se- 
curing the proper degree of acceleration. It has been 
shown by experimental tests that there is no practical 
limit to the magnitude of the applied welding e. m. f. 
advisable to use, so long as the proper degree of accelera- 
tion is maintained, and so long as the increased current 
demand does not produce burning under the dies. In 
fact the major problem of flash butt welder design, lies 
in the ability to co-ordinate the maximum e. m. f. with 
the maximum degree of acceleration of the metal into 
the welding zone. 

Before proceeding further with the discussion, it is 
necessary at this time to make a study of the power di- 
vision of a typical butt welder circuit. A diagram of 
such a circuit is shown in Fig. 2. Suppose the area of 
the steel bar, A-A, in the figure to be 1 sq. in.; that its 
specific resistance is seven times that of pure copper; 
that the length of the bars, A-A, between the dies, 
B-B, is 1 in.; that the length of the welding circuit, 
external to the dies, B-B is 49 in.; and that the area of 
cross section of the copper parts, C, D, and E is 7 sq. 
in., (that is seven times the area of the steel bars). 


Fig. 2—Tyrican Burr Weipine Macuine Circvuir 


With the above proportions, there is, therefore, just the 
same I R drop in the external welding circuit copper, 
as there is in the bars between the dies, B-B. But 
since in practical designs there are introduced into the 
external circuit from six to nine electrical joints, all 
very difficult to make efficient, it is not an infrequent 
thing to find welding machines where the loss external 
to the dies is considerably more than the loss internal to 
the dies. This is especially true if the die contact re- 
sistance between die and weldable material be counted 
in with the external resistance as is usual. With this 
consideration, many cases are to be found where the 
internal loss is but 30 per cent of the total welding cir- 
cuit. This means that a welding machine requiring 
100 kw. to make a certain weld, will have a loss of 70-kw. 
in the external welding circuit, and only 30 kw. loss in 
the weldable steel between the dies. The internal loss 
in the steel between the dies is caused by the J R drop 
in the steel, and the counter e. m. f. of the flashing zone. 
(Whether it is correct to speak of the drop in the flashing 
zone as a counter e. m.f. may be open for criticism. 
It seems to act like the carbon arc, and has so been 
considered.) The magnitude of the loss cannot be 
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definitely stated, since there is a number of variable 
quantities entering into the problem. The current 
density is a variable, the specific resistance of the steel 
varies with its make, and it increases with its tem- 
perature, while the counter e. m. f. of the flashing zone 
is dependent upon the initial e. m.f. impressed, and 
upon the electrical characteristics of the balance of the 
circuit. In general, however, approximately 14 volt 
per inch of length is required to drive welding current 
density through steel. The counter e.m.f. of the 
flashing zone may be taken, under average conditions 
at 14 volt, so that the sum of the resistive drop in one 
inch length of steel, the counter e. m. f. of the flashing 
zone, and the die contact, represent approximately 2 
volts. If this internal loss represents 30 per cent of the 
total resistive drop, there will be required an initial 
impressed e. m.f. of 6.7 volts to overcome the total 
resistive drop. (The reactive component is not taken 
into consideration at this time.) The above relations 
may vary over a wide range, depending upon the 
design, but in general they will be found in practise to lie 
somewhere close to the above figures, when taking into 
consideration only normal and average applications of 
present welding machines. 

To the layman it might appear from the above con- 
siderations that resistance butt welding presents a very 
inefficient method of applying electrical energy. When 
it is understood that of the 30 per cent energy repre- 
sented between the dies, only 71% per cent is used to 
create or generate the heat in the flashing zone, (1 volt 
is 714 per cent of the 6.7 volts required to overcome 
resistive drop), or in other words, but 714 kw. appears 
as desired and efficient heat at the welding line, while 
9214 kw. is consumed in overcoming unavoidable re- 
sistance of the balance of the welding circuit. However, 
in spite of the apparent inefficiency of the welding ma- 
chine, it stands today as an accomplished fact that re- 
sistance butt welding is the cheapest and most rapid 
method, producing the most nearly perfect results of all 
welding methods applied to mass production. An 
automatic power driven flash pipe butt welding ma- 
chine welds a 12-in. standard gas or oil line pipe in 7 see. 
and consumes 2.7 kw. hr. of electrical energy. This 
machine produces 40 such complete welds per hour and 
the machinerequires fivemen in its operation, an average 
of eight welds per hour per man, the cheapest and most 
efficient method yet devised for welding together 
lengths of pipe. 

To electrical engineers familiar with the regulative 
effect of resistance in series with the old time arc lamp, 
the external losses in the butt welding machine can be 
largely ameliorated on the grounds of the benefit de- 
rived from the regulative effect of external resistance. 
Take for example an are operated at 10 amperes, 
through an external series resistance of 15 ohms, from a 
220-volt circuit, having a normal counter e. m. f. at the 
are of 70 volts. If the carbons are pulled apart to 
a point where the current is cut down to 8 amperes, the 
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drop in the external resistance will be cut from 150 volts 
to 120 volts, leaving an additional 30 volts to be con- 
sumed by the arc, or a total of 100 volts at the are with 
the 8 amperes flowing as against 70 volts with 10 am- 
peres flowing. This means that a reduction of 20 per 
cent in current flowing has increased the voltage across 
the arc by 48 per cent. Hence the stabilizing action of 
resistance in series with the arc becomes apparent. 
In exactly the same manner, external impedance in a 
welding machine becomes an important regulative factor 
in stabilizing arcing in the flashing zone. In practise, 
however, it is seldom found necessary to purposely build 
external impedance into a welding machine, for under 
the most favorable conditions of design, it is usually 
sufficiently high. This is especially true of the reactive 
factor, and every precaution should be taken to cut this 
factor to the least possible amount. This can be ac- 
complished in a great measure by paralleling as closely 
as- possible the main secondary leads, and avoiding any 
interlinkage of this circuit with unnecessary parts which 
will set up a magnetomotive force opposed to the im- 
pressed e. m. f. 

The power factor of butt welding machines always 
comes up for consideration. It varies over a wide 
range, even as wide as the range of application of the 
machines, ranging anywhere between 45 per cent and 
75 percent. If an average figure were to be hazarded it 
might be set at 65 per cent. The magnitude of the 
power factor is not the most important consideration on 
the part of the designer. It is the power engineer who is 
most concerned with power factor. The duration of 
the maximum peak load of the welding cycle is so short, 
being but a few seconds in the majority of applications, 
that neither the peak load nor the power factor is as 
objectionable as it has been thought. It is the uni- 
versal experience of welding machine engineers, as they 
go about the country applying machines to industry, 
that where the nature of the machines are the least 
known, there is where the power engineers are the most 
skeptical of their effects to power lines. For example, 
a welding machine load is welcomed in Detroit, by the 
Detroit Edison Company as much as any other kind of 
load, and there is possibly no place in the world where a 
power company serves more welding machines totaling 
a greater kv-a. 

A study of the current densities found in the normal 
area of the flashing zone shows that the density doesnot 
vary over such wide limits as might be supposed. Of 
course, if the study is extended to include the beginning 
of the flash, before normalcy of opposed areas is es- 
tablished, and before normal flashing is established, then 
the current densities as applied to the whole area, varies 
from zero to a maximum of approximately 9000 amperes 
per sq. in., the latter value being that just at up-set, 
and being dependent very largely upon the total im- 
pedance of the closed circuit. However, if the study be 
confined to the densities in the flashing zone, only after 
normalcy of flashing area has been established the limit 
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of the values are found to lie between 4500 amperes per 
sq. in. and 7500 amperes per sq. in. as the upper limit. 
That is to say with any density much below 4500 
amperes per sq. in. of weldable steel, flashing will be very 
feeble, unproductive of heat, while with a value of cur- 
rent density approaching 7500 amperes per sq. in. of 
area of the flashing zone, a very violent flashing will 
take place, productive of incandescence, and represent- 
ing in every way the upper limits of current density. 
If a fair average value is sought, it may be taken at 
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Fig. 3—Averace CurrRENT Density In FLASHING ZONE, FROM 
BEGINNING OF FuasH To Upset 


6000 amperes per sq. in. of cross section of weldable 
area. The curve in Fig. 3 shows the range of progress 
of current density, from the initial flash to the upset. 
From the above considerations of the regulative effect 
of resistance in series with both the arc lamp and the 
flashing zone of a welding machine, it is apparent that a 
small increment of increase in the current density is 
accompanied by more than a direct proportional incre- 
ment of increase in the necessary impressed e.m.f. It 
is apparent, therefore, that the power required to butt 
weld steel as well as other metals; can not be expressed 
with any degree of accuracy in terms of kilovolt-amperes 
per sq. in., (kv-a. per sq. in.) with the expectation of the 
figure holding good for a range of welding machines 
having different electrical characteristics. While the 
current density, as for example with steel, does not vary 
over such wide limits, the e. m. f. required to produce 
this density does vary over considerable range, depend- 
ing entirely upon the electrical characteristics of the 
welding machine. The ky-a. required to weld a given 
section is dependent upon time. So there are three 
variables entering into the problem of power required 
per unit area, 7. ¢., current density, voltage, and time, 
and these three variables do not, as repeated tests have 
shown, vary by the law of direct or inverse proportions. 
This statement is especially true of the more recent 
highly intensified acceleration of the flashing cycle 
where areas of cross section approximating 16 sq. in. are 
welded by automatic power welders in, say, six seconds. 
The result of feeding metal into the flashing zone of a 
flash butt weld is similar to the results obtained by 
feeding fuel into a furnace. If the furnace is supplied 
with sufficient oxidizing means, the faster the fuel is 
fired into the furnace the more heat is generated. 
This heat will show up in one or both of two ways. 
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It will appear as increased temperature, or it may appear 
as a larger quantity of heat units liberated, or as is more 
probable, it will appear both as increased temperature 
and as a greater quantity of heat. Similarly with a 
flash butt weld, if sufficient welding e. m. f. is main- 
tained, the faster the metal is fed into. the flashing zone, 
the greater will be the heat set up. This will show up 
as increased temperature and also in the larger quantity 
of heat units produced, part of which is carried away by 
the flashing materials thrown off, part of which is car- 
ried away by convection due to the higher temperature 
gradient, and a small part of which is directly radiated 
away. 

The critical part of the flashing cycle is usually found 
to be at the beginning. If sufficient energy is available 
to start the flashing at uniform speed until normalcy of 
areas are presented, there is little danger from cessation 
of flashing, due to freezing at points later on in the 
flashing cycle. The flashing cam used in the average 
automatic butt welding machine seldom has an accelera- 
tion greater than3:1. In a few extreme instances the 
acceleration approaches 314:1. It has recently been 
found that a very much greater ratio of acceleration is 
possible. The larger ratio is not only possible, but very 
desirable, if not necessary. In Fig. 4, are shown graphs 
of two cams, A & B. The cam, A, is constructed 
with equal increments of rise for equal increments of 
angular movement. In other words it is a straight line, 
forming an angle, 8, with the horizontal base line. The 
cam, B, isa logarithmic curve. It is constructed so that 
the tangent, 0, is approximately eight times greater than 
the tangent, A, thus producing a final acceleration, eight 
times greater than the initial speed. The initial move- 
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Fra. 4—Grapus oF Two Burr WHLDER FiasH Cams 


Cam A produces uniform motion, Cam B produces logarithmic 


acceleration 


ment is taken at the safe maximum speed insuring 
against freezing. The tangent of the angle, A, in this 
graph is 0.192, while the tangent of the angle, B, is 
0.5151. Therefore if cam, A, is to replace cam B, 
the angular velocity of cam, A, will have to be slowed 
down in the inverse ratio of 0.192 : 0.515, or in the ratio 
of 2.68:1. Therefore from a standpoint of time, the 
cam, B, will perform a given flashing cycle in 74 sec., . 
while cam, A, will require 20 sec., to perform the same 
flashing cycle. The saving in time by the use of the 
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form of cam, B, over that of cam, A, is only a part of the 
benefits derived by its use. The saving in time is in 
fact only incidental. The benefits lie in the shortened 
time of the flash produced by the high acceleration of the 
metals into the flashing zone, which in turn produces the 
maximum degree of temperature in the shortest possible 
time, providing the least possible ‘“‘run-back’’ of heat. 
From these two conditions are derived two important 
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A—Complete section, wall of pipe butt weld 
B—Complete section, taken to right of weld 
C—Taken in the weld 

D-—-Taken to left of weld 


results. The first is, that maximum degree of heat with 
momentary duration, positively insures a fine grain 
structure in the weld. It further insures a thin lamina- 
tion effected by the weld, in most cases not exceeding 
0.001 in. thickness. And in the second place a short 
“run back” of heat insures a small swelling at the upset. 
The former condition, a fine grain structure in the weld, 
insures a tensile and bending strength equal to or 
greater than the virgin metal; while a short quick upset 
insures the least possible labor in removing the excess 
material. 

The photomicrographs in Fig. 5, show an automatic 
pipe butt weld made in six seconds, the wall of the pipe 
being 34in. thickness. Graph A of Fig. 5 is of low power 
and is intended to be a bird’s eye view of the whole 
section. Graph B is of higher magnification, showing 
the virgin structure of the pipe to the right of the weld. 
Graph C is of the same magnification, showing the grain 
structure in the weld, while Graph D shows the grain 
structure to the left of the weld. Hundreds of photo- 
micrographs have been made of this type of weld, and 
all show the same fine grain structure in the weld. 
This condition can seldom be secured by slow flashing 
and upsetting. 
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The time required for upsetting is as important as the 
degree of acceleration and the time required for the 
flashing cycle. Here again, tests have shown that the 
quicker and sharper the upset action has been, the more 
complete and perfect has been the fusion in the weld. 
If the upset is made slowly, it must then be forced to a 
much greater degree to form a good weld, and the weld 
will be accompanied by an objectionable amount of 
squeezed out material. It is evident from a study of 
welds made with varying lengths of time in upsetting, 
that the instant the abutting pieces touch, and flashing 
is stopped, the temperature drops on the inner surfaces 
of the weld. The high degree of temperature neces- 
sary for fluidity, and perfect fusion, evidently falls the 
instant flashing ceases, and it does so whether the weld- 
ing current is held on during the upset cycle or not. 
In automatic pipe butt welding, where areas as large as 
16 sq. in. are being welded, it has been found that if the 
upsetting can be done in 0.1 sec. or less the required 
grain structure in the weld is preserved. 

It is a difficult problem to design a combined flashing 
and upsetting cam to weld the larger areas. ‘Two 
problems are presented. The first problem is to be able 


~ to make the comparatively slow moving flashing cam 


perform the upset in the short space of time, and the 
second problem is to be able to design thisslowly moving 
cam so it can exert the necessary foot pounds required to 
upset the weld. Take for example a combined flash 
and upset cam shown in Fig. 6. If such a cam is de- 
signed to flash and upset three sq. in. of steel, it may be 
found advisable to make the minimum radius about 
414in. Permitting an idle zone from O to D, the active 
flashing portion of the cam extending from D-E & C, 
will cover about 270 deg. If the cam is provided with 
1% in. of upset at C, and the cam roller is 4 in. minimum 
diameter, the main cam will have to turn approximately 


Fic. 6—Typicat ComBInATION FiasH AND Upset Cam, UsEp 
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5 deg. to complete the upset. If the upset takes place 
in 0.1 sec., it will require 5.4 sec. to complete the flashing 
cycle, (270 deg.) or 7.2 sec. for the cam to make one 
complete revolution. The cam chosen probably illus- 
trates quite fairly, average design proportions for a 
combination flashing and upsetting cam used on welding 
machines up to three sq. in. capacity. However, for 
welding considerably larger sections, even three or four 
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times that of the above, or where for example an area of 
36 sq. in. must be flashed and upset automatically, 
the above combination cam can no longer be made to 
meet the necessary requirements. Heretofore all such 
sections have been flash butt welded by hydraulic 
power. To accomplish this by motor power fully 
automatic, it has been found necessary to introduce into 
the welding machine two systems of cams. One system 
is confined to the flashing cycle, and the other is con- 
fined to the upsetting cycle. The flashing cycle re- 
quires, inherently, from fifty to one hundred times more 
timé than the upsetting cycle. At the same time it 
requires only a fractional part of the energy required 
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for upsetting. When the a systems are used the up- 
‘setting cam is timed or synchronized with the flashing 
icam. With this arrangement the speed of the flashing 
cam can be varied at will, or the amount of the flashing 
cam permitted to become operative can be varied with- 
out effecting the time of the upset cycle. The amount 
of flashing, of course, is dependent upon the relative 
‘time that the upset cam functions. 


‘line, one welding up to 16 sq. in., and the other welding 
up to 36 sq. in., and both have oe beyond doubt the 
‘correctness of the principle. (This feature is being 
i protected by patents.) 
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II. Spot WELDING 


Spot welding, while not so old as butt welding, has 
now been practised for many years, and it is accom- 
plished essentially by the use of two copper electrodes, 
variously formed as in Fig. 7. The electrodes thus 


formed are on opposite sides of overlapping sheets, and 


a powerful current of short duration is passed from elec- 
trode to electrode, passing through the sheets. The 
magnitude of the current is so proportioned that the 
sheets are heated to plasticity, whereupon an extra 
force is exerted upon the sheets by the electrodes, and 
they are forced together and thus welded. The area 


Two large butt: 
‘welding machines have been constructed along this _ 
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thus welded is usually small, ranging from 1% in. di- 
ameter up to extreme diameters of about 1% in., de- 
pending upon the plate thickness, quality of plate, ete. 

The current density required for welding by this 
method varies much with the thickness of the sheets, 
quality of the sheets, diameter of the points, and the 
time of duration. For a rough comparison between 
spot welding and butt welding a factor of 20 might be 
taken as giving fair average conditions. That is to say 
a current density of about 120,000 amperes per sq. in. 
of spot weld area is required. This figure can be used 
only for rough calculations, and a closer figure can be 
given only by one experienced in these requirements. 

An improvement over the old method of spot welding 
has come into use, known as projection welding. In 
this case plain flat electrodes are used above and below 
the sheets to be welded, as in Fig. 8. Before welding, 
one or both of the plates are projected by a forming die. 
At the left in Fig. 8 only one plate, the lower one, is pro- 
jected, while at the right both plates are projected. 

The essential thing to secure in both spot welding and 
projection welding is proper heat control. A large 
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majority of these welds either show burning or they are 
overheated to such an extent as to show a very poor 
erain structure. Fig. 9 shows diagrammatically a typi- 
eal weld between a No. 12 gage polished cold rolled 
sheet and a \4-in. cold rolled sheet. The upper elec- 
trode was pointed, while the plates rested upon a flat 
lower electrode, both shown in part only. Photograph 
A in Fig. 10 was taken at (1) in Fig. 9. It shows the 
longitudinal laminations caused by rolling the sheet. 
The upper dark band is the small open space between 
the sheets darkened by the copper etching solution. 
Photograph B taken at position (3) low down in the 
sheet next to the lower electrode, shows overheating, 
poor arrangement of grain structure, and even burning. 
Position (2) was very similar to position (3), and for 
brevity las been omitted. Photograph C of position 
(4), taken right under the upper electrode, shows the 
cooling effect of contact with the upper electrode by the 
band adjacent to it, leaving the rolling laminations 
plainly visible. Overheating is shown lower down, 
however, and in the extreme lower corner burning is in 
evidence. 
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The recently developed methods of “flash spot 
welding,” and “flash projection welding,” entirely 
eliminate all tendency toward burning, and insure a 
fine grain structure, accompanied by an entire re- 
arrangement of crystals of the most favorable nature. 
The photomicrographs in Fig. 11 show typical flash 
projection welds made between two twelve-gage cold 
rolled sheets. Three of these photographs show the 


\ 
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Fig. 1O—PHOTOMICROGRAPHS OF FLASH WELD 


A—Showing virgin sheet at position (1) in Fig. 9 
B—Showing effect of current, position (3) 
C—Showing effect of current, position (4) 


same weld using three different powers of magnifica- 
tion. These three were taken without changing the 
axis of the field of the microscope. The microscope was 
focused at the very extreme edge of the weld. The 
curved shape of the projection is plainly visible. 

Flash spot welding and flash projection welding ac- 
complish in this field, exactly what the rapidly acceler- 
ated flash and quick upset accomplish in the field of butt 
welding. Both are dependent upon the theory that 
high heat, quickly secured, and held for a short dura- 
tion only, will invariably produce a fine-grain structure 
in the weld. 


TTI. 


It is not felt necessary to go into the theory or appli- 
cation of seam welding at this time. The process in 
short is a refined application of spot welding. In place 
of pointed electrodes, as in spot welding, the electrodes 
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are usually formed like wheels. These wheel electrodes 
are caused to roll on opposite sides of overlapping 
plates, and a rapid succession of welds is made in this 
way. The circuit may be interrupted rapidly by 
mechanical means, as is usually the case in welding 
stock coated with scale or otherwise unclean, while in 
welding polished cold rolled sheets it is quite generally 
the practise to omit the interruption of the circuit, 
depending in this event upon the cyclic interruption 
caused by the alternating current. The process in 
general finds application in welding cans, automobile 
gas tanks, and various other receptacles of this kind. A 
highly refined application of seam welding is to be found 
in the manufacture of light wall steel pipe and tubing. 
In this application a mechanical means of interruption 
is not resorted to. Entire dependence is placed upon 
the cyclic values of the alternating current. The proc- 
ess has recently been speeded up by the use of frequen- 
cies higher than those used for power purposes. In 
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this application each alternation forms a weld or 
“stitch.’’ The metal is passed at a speed which causes 
the welds to overlap just enough to insure a completely 
welded seam. 

The author desires to thank Mr. Paul C. Zarrs, Chief 
Engineer, The General Welder Company, for valuable 
suggestions, and for assistance in producing the photo- 
micrographs herewith shown. 


Starting Performance of Salient-Pole 


Synchronous Motors 
BY T. M. LINVILLE* 


Associate, A. I. E. E. 


Synopsis.—This paper presents an analysis of the sub-synchro- 
nous speed phenomena of a salient pole synchronous motor 
in which formulas and equivalent circuits are developed, making 
it possible to calculate the torque and current for a broad 
range of conditions. Equations in terms of the impedances 
of the direct and quadrature axes are first derived from the 
revolving field point of view. The equivalent circuits for the 
two axes are then set up and expressions for the separate impe- 
dances of the circuit elements established. Adequate means of taking 
into account the combined effects of salient poles, incomplete amor- 


I. INTRODUCTION 


HE extensive application of synchronous motors 
in fields with diverse starting requirements has 
created a need for accurate methods of predicting 
their starting characteristics. However, despite the 
rapid developments in their use, no adequate means for 
the predetermination of the accelerating torques and 
currents of commercial motors has heretofore been 
published. Many important papers dealing with this 
general question have been presented, but all have been 
based on more or less arbitrary assumptions which 
have seriously limited the generality and the usefulness 
of the methods. 

Particularly important contributions have been made 
by Fechheimer,’ Putnam,” and Mauduit," the first 
named having developed simple approximate formulas 
for the starting characteristics, Putnam having intro- 
duced methods of allowing for the effects of salient- 
poles, and Mauduit having attempted to calculate the 
effect of incomplete windings. However, none of these 
methods permits accurate determination of the com- 
bined effects of pole shape, arbitrarily disposed amortis- 
seur windings, and closed field windings. The methods 
described in this paper are believed to be adequate for 
the predetermination of the starting performance of any 
practical salient-pole synchronous motor. 


The method of analysis employed is first to derive 
current and torque equations in terms of the impedances 
of the direct and quadrature axes of the machine, and 
then to set up complete equivalent circuits for the arma- 
ture, field, and amortisseur windings in each axis, from 
which the impedances of the two axes can be calculated. 
The general equations have already been given by 
Park,’ in his paper on The Two Reaction Theory of 
Synchronous Machines, formulas (42) to (47). They 
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tisseur windings, and open or closed field windings are presented. 

The results obtained are illustrated by a comparison of the pre- 
dicted performance and test data for a large 60-pole motor. The 
calculated distribution of current between the amortisseur bars of the 
same motor is shown by curves. Other curves show the calculated 
performance of the motor with and without continuous end rings 
between the poles and with the field winding open and closed. A 
final example shows the theoretical effects of changing the positions of 


the bars in the poles of a large waterwheel generator. 
Pe eae eek 


are here derived from a physical point of view, whereas 
he derived them wholly by the use of operational mathe- 
matics. The equivalent circuits for the two field axes 
are believed to be novel, and are quite interesting, as 
they involve the consideration of the mutual and 
differential leakage reactances of several dissimilar 
windings linking parts of a magnetic circuit of non- 
uniform permeance. 


Within the limitations of the few assumptions listed 
in the next section, which are almost universally em- 
ployed, and which are approximately true for commer- 
cial machines, the method is highly dependable. 
Excellent results have been obtained through its use in 
practical design calculations, and it has afforded a 
means for studying the effects of the various factors 
which influence starting performance, in a way not 
heretofore possible. Examples of the application of 
the method are given in the concluding section of the 


paper. 
II. ASSUMPTIONS 


1. The armature conductors are effectively sinu- 
soidally distributed in each phase. That is, the 
mutual inductance of the armature and field circuits is 
considered a first harmonic only with respect to the 
electrical space angle. If it is desired to correctly 
allow for the harmonics due to the armature winding, 
they can be represented by separate equivalent circuits 
in series with the fundamental as described by Arnold.” 

2. Saturation and hysteresis are negligible. As 
saturation exists, to some degree, in practically all 
commercial machines, it is necessary, in view of this 
assumption, to use the results with judgment. Where 
saturation must be accounted for, judicious shading of 
the results will allow the method to be used with good 
accuracy. 


Ill. PerR-UNIT REPRESENTATION OF QUANTITIES 


All quantities are expressed as a fraction of their 
normal values and when so expressed are termed 
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per-unit quantities.‘ Normal or unit quantities are 
defined as follows: 
Unit voltage is normal rated phase voltage. 
Unit current is normal rated phase current. 
Unit torque is the torque of normal three-phase power. 
Unit m. m. f. is the m. m. f. produced by the equiva- 
lent square wave value of armature reaction due to 


normal three-phase current. Hence, expressed in 
ampere-turns, 
A = unitm.m.f. = SEN 
PHM zs 


where NV is the effective number of armature turns, and 
P is the number of poles. 

Unit flux is the sine wave fundamental of normal field 
flux which rotating at synchronous speed generates 
unit voltage. Hence, 

"stead a 
2a {iN 107% 

Unit impedance is that impedance through which 

normal voltage at normal frequency causes normal 


current to flow. In terms of unit m.m.f. and unit 
flux, unit impedance equals 


3 1 f N? d; 107% 
AP 


Unit speed is synchronous speed. 


go; = unit flux 


onms. 


Le TORQUE AND CURRENT EQUATIONS 


Since the total m. m. f. or current of a synchronous 
motor, operating at any sub-synchronous speed, is 
composed of components, pulsating at slip frequency in 
the direct and quadrature axes, it may be resolved into 
two rotating currents, one going forward and the other 
backward over the poles at s times synchronous speed, 
where s is the per-unit slip. Since the per-unit velocity 
of the poles is (1 — s), the forward current moves at a 
per-unit speed (1— s+) or (1) and the backward 
component rotates at a per-unit speed of (1— s— s) 
or (1 — 2s). 

The forward current is, 


ty = 1/2 Ga + 1), (1) 
and the backward current is, 
t = 1/2 (Ga — 24) (2) 


where 7, and 7, are the components of total armature 
current in the direct and quadrature axes, respectively, 
each referred to its individual axis, 90 deg. from the 
other. 


The procedure now is to determine the voltage pro- 
duced in each phase of the armature winding by these 
currents. Both may be resolved into stationary pul- 
sating currents in the two rotor axes. When all 
quantities are expressed as per-unit values, flux is the 
product of current and impedance, and voltagé is the 
product of flux and frequency. Hence, the pulsating 
air-gap fluxes in the two axes of the machine may be 
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determined in terms of the currents and the impedance 
of each axis. Then, when these are resolved into total 
forward and backward rotating fluxes and each is 
multiplied by its respective speed of rotation, the volt- 
ages produced in the armature are found to be, a for- 
ward voltage, 


ie fa aia a 3 a i ea ‘ 
y= [4 40S] 0. (3) 
and a backward voltage, 

4 Zad —* a | Q La ale ea 
eo = [4 + J es— (4) 


where 2.4 and 2,, might be termed the impedances of 
armature reaction, since they correspond to the com- 
monly used reactances of armature reaction, namely, 
Yaa and Xa. These reactances are the particular values 
of Zaa and Za,, respectively, at synchronous speed. 

As the machine is assumed to be connected to a bus 
of sine wave voltage, of sufficient capacity to maintain 
balanced voltages at normal frequency, the impressed 
voltage, e,, must be balanced by the sum of the voltage, 
e;, and the stator impedance drop due to the forward 
current. Also the summation of voltages, haying a 
frequency of (1 — 2s) in the armature circuits, must be 
zero. Hence; 


. faa = xv 


5 ad ae aq 
= a On 


: = + s(t +521) () 


w 

é V4 Seed ke 

+i[ 352 1 +x] 

(6) 

These equations may now be solved simultaneously 

for 7; and 7, but the solution may be greatly simplified 
by substituting the terms, 


=Zeatritja - 


Sad as aq 6 ad oe aq 


Oi oeremanr cseea CE 9: 


ed 
Cae Bagi talc gts be (8) 
ry 1 etre) 
Za’ Bet cots 549m =204[ 5-4 r| (9) 
: Ti 
Ze! = fe +55 Lacs We ace +l inn] (10) 
Substituting these relations and solving, Ba 
‘ Za’ th: Raq 
ie 2a 24 ne aa Zo (11) 
‘ a4 ret Bal 
a Za%q! + Za’ 24 (2) 


At 50 per cent speed these equations are indeterminate 
but here, 


pares 
Ce i oe a 
= 0 


t= 


te 
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The impedances z2, and z, are determined by 
equivalent circuits which are established in the next 
section. 

The derivation of the equations will be made clearer 
by outlining the procedure as follows: 

1. Resolution of the stationary, pulsating m. m. fs. 
in each axis of the machine into forward and backward 
rotating components, 7; and 2;. 

2. Resolution of these rotating m. m. fs. into sta- 
tionary pulsating components in each axis of the 
machine, returning to the original condition but now 
having the pulsating m. m. fs. split into components in 
terms of 7; and 2; in each axis. 

3. . Determination of the pulsating air-gap flux com- 
ponents as the product of the m.m. fs. with the im- 
pedance of armature reaction in each axis. 

4. Resolution of the fluxes into rotating flux waves. 

5. Calculation of the voltages produced in the stator 
by the rotating flux waves. 

6. Solution of the stator voltage equations for the 
currents 7; and 2. 

The average power transferred to the rotor is the real 
part of the vector product of the forward (impressed) 
voltage and the forward current, minus the stator losses, 
hence, 

Pee Apaey fie ti/ (1 — 2s) (13) 
and, as per-unit torque is equal to per-unit power, the 
average torque is, 

Ta» = real of 1, — 2/2 71 — 1? 71/(1 — 28) 

These two equations are given by Park.® 

V. EQUIVALENT CIRCUITS TO, DETERMINE THE 
IMPEDANCE OF EACH AXIS 


To evaluate the equations for torque and current it is 
necessary to determine the impedances, z.a and Zao. 
Each of these impedances is the impedance offered to'a 
m. m. f. sinusoidally distributed along the surface of the 
stator across the pole pitch, pulsating sinusoidally with 
respect to time at slip frequency. The variation in the 
air-gap, the amortisseur bars, the field circuit, and the 
pole structure are symmetrical, in one axis about the 
center line of the pole, and in the other axis about the 
center line between poles. The stator m. m. f. is also 
symmetrically distributed about the same center in each 
axis. Consequently the impedance of either axis may 
be determined as a multiple circuit franstornce problem 
using an equivalent circuit. . 

. Ag the amortisseur bars are often of different shape, 
size, and material, having an unknown current distribu- 
tion, they cannot be considered together as one circuit 


(14) 


but the two bars adjacent to the center line of each axis. 
can be so considered. The next two adjacent bars may: 


be considered as a second circuit, and so forth until all 
of the bars are accounted for. Thus instead of a single 
circuit formed by the amortisseur winding, there is a 
number of nested circuits, all symmetrical about the 
center line in each axis. The determination of rotor 
impedance then, as a transformer problem, involves a 
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sinusoidally distributed primary winding, an irregular 
air-gap in the magnetic circuit, and a multiple number of 
nested secondary circuits. 

Consider the stator winding in the direct axis. The 
voltage impressed on this winding will always be bal- 
anced by the resistance drop and by the self-induced 
voltage due to the flux which the winding creates. This 
flux is divided into two components, 2. e., the leakage 
flux and the flux which crosses the air-gap and is mutual 
with the rotor circuits. Hence, the stator winding is 
represented by a circuit composed of a resistance and 
two reactances in series as shown in Fig. 2A. The 
formulas by which these impedance elements are cal- 
culated are given in Appendix A. 

Now consider any rotor circuit. The stator! flux 
which is mutual with this circuit (that is the stator;flux 
which links the circuit) may be calculated by,consider- 
ing the span of the circuit and the distribution of the 
stator flux across this span. The method is, demon- 


Fig. 1—Maeneric STRUCTURE OF A SALIENT-POLE SYNCHRONOUS 
Moror 


strated in Appendix B. The mutual reactance of the 
stator with the rotor circuit may then be determined by 
calculating the voltage in the rotor due to the mutual 
flux which exists when unit current* flows in the stator. 
The mutual flux is, of course, a part of the total air-gap 
flux and the mutual reactance is therefore a portion of 
the reactance due to this total flux. It is illustrated by 
the reactance x,, in Fig. 2A. The air-gap flux set up 
when unit current flows in the stator and the portion of 
it which is mutual with a rotor circuit of span y; is 
shown in Fig. 3A. 

In order. to establish an equivalent. circuit, repre- 
senting the complete axis of the machine, every circuit 
in the axis must be placed on the same base. This can 
be done if unit current for any circuit is taken as that 
current which: produces a definite m.m.f., since by 
calculating their impedance constants on the basis of 
the same m. m. f. any number of circuits may be joined 
into an equivalent network. 

- Now consider that a current producing an arbitrarily 


*Reactance is usually calculated on the basis of a unit current 
of one ampere, giving the result in ohms. The unit current 
spoken of in this section of the paper is, therefore, a current 
of one ampere and unit m. m. f. is the m. m. f. resulting there- 
from. These unit quantities are not to be confused with those 
defined in Part III which are for a complete 3-phase machine. _ 
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chosen unit m. m. f. flows in any rotor circuit. A por- 
tion of the resulting flux is mutual with the stator, a por- 
tion of it is leakage flux, and some is mutual with other 
rotor circuits. The portion which is mutual with the 
stator must induce the same per-unit voltage in the 
stator circuit as the stator flux mutual to the rotor, 
induced in the rotor circuit. This is because the mutual 
inductances of two circuits, in a medium of constant 
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a. Equivalent circuit for the armature winding 

b. Equivalent circuit for a rotor winding of pitch yi 

c. Equivalent circuit for a rotor winding of pitch ye (y2> yi) 

d. Network formed by substituting single reactances for the mutual 
reactances of the circuits 


permeability (as assumed), are equal regardless of size, 
shape, or position of the two circuits. Hence, the 
mutual reactance, calculated by determining the voltage 
induced in the stator circuit by the portion of the rotor 
flux mutual with the stator, must equal the mutual 
reactance 2., of the stator, when the same m.m. f. 
exists for each circuit. That the mutual reactances of 
the stator and any rotor circuit are the same whether 
calculated from a consideration of either circuit is 
demonstrated in Appendix A. 

All of the flux created by a rotor circuit which does 
not cross the air-gap is considered as leakage. Of the 
flux which crosses the gap only a portion is effective in 
establishing a reaction in the stator winding. That is,. 
due to the fact that the turns of the stator winding are 
assumed to be sinusoidally distributed, only the funda- 
mental of the flux wave set up by the rotor circuit is 
mutual with the stator. However, the entire flux is 
mutual with all rotor circuits outside of (having a 
greater span than) the one being considered. Hence, 
the flux mutual to the stator is different from that 
mutual to other rotor circuits by the amount of the 
harmonic fluxes, other than the fundamental, existing in 
the flux wave. These harmonic fluxes give rise to re- 
actances usually termed differential leakage. The air- 
gap flux produced when unit m. m. f. exists in a rotor 
circuit of span y; is illustrated in Fig. 3B. 

Letting unit m. m. f. exist in the circuit, the leakage 
reactance may be calculated by determining the voltage 
induced in the circuit by the leakage flux. The voltage 
induced by the total flux crossing the gap may next be 
calculated giving the reactance which is mutual to all 
outside rotor circuits. The rotor circuit is then as 
shown by Fig. 2B where the reactance, x.,, is the re- 
actance due to the total flux crossing the gap, 2; is the 
reactance due to the leakage flux, and 7; is the resistance 
of the circuit. The fundamental of the total air-gap 
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flux may next be calculated, and the reactance due to it, 
which is the mutual reactance of the stator and the rotor 
circuit, determined. This is naturally a portion of the 
reactance x,, and is shown in Fig. 2B as %-;. 

Any other rotor circuit of greater span will consist of 
the same reactances calculated in the same way except 
that the mutual reactances will be greater. Such a cir- 
cuit is shown in Fig. 2c where, xn, is the total reactance 
due to the flux crossing the air-gap and is mutual to all 
outside rotor circuits; 2; (= 2.) is the mutual re- 
actance of the circuit with the stator winding; z» is 
the leakage reactance; and 7, is the resistance. The 
mutual reactance with an inside circuit is again deter- 
mined by considering the distribution of the flux and the 
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Fic. 3—ApproximatTe Arr-Gar Fiux WaAvEes AND THEIR 
FUNDAMENTALS 


Established by unit m. m. f. in the various windings, each acting alone 
Armature winding—direct axis 
Rotor winding of pitch y-1—direct axis 
Rotor winding of pitch y-2—direct axis 
Field winding 
Armature winding—quadrature axis 
Rotor winding of pitch y-2—quadrature axis 
Rotor winding of pitch y-1—quadrature axis 
Rotor winding of pitch y-O—quadrature axis 
Dotted lines in the quadrature axis diagrams show the assumed flux 
distribution based on the reduction of the interpolar space to an equivalent 
uniform gap 
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span of the inside circuit. The mutual flux is naturally 
equal to the mutual flux created by the inside circuit, as 
the m. m. f. of this circuit is the same and the magnetic 
path is identical. This is illustrated by the equal areas 
abcdanda’b’c’d’ in Figs. 8B and 38¢ respectively. 
The mutual reactance is illustrated by x» in Fig. 2c 
Care ig oe 

Circuits have now been set up for the stator winding 
and an indefinite number of rotor circuits. It remains 
to combine these into an equivalent single network. 
One reactance may be used to replace any two mutual 
reactances of any two circuits. Hence, replacing every 
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pair of mutual reactances by single reactances, the 
stator winding and the rotor circuits join to form the 
equivalent network of Fig. 2D. 

The network representing the quadrature axis is 
established in the same fashion and is identical. The 
only difference between the two axes is that the calcula- 
tion of the circuit constants for the quadrature axis 
involves consideration of the interpolar space, which is 
more difficult than a consideration of the uniformly 
varying air-gap over the pole face. The treatment of 
the quadrature axis is given in Appendix B. 

In order that the flux involved in the calculation of 
each reactance may be clearly understood, the following 
table is presented giving the relation between the reac- 
tance elements of Fig. 2D and the areas of the flux 
diagrams in Fig. 3. 


Reactance ! Flux 
Lab Shaded area Fig. 34 for y: = shaded area Fig. 38 
Cac Area beneath flux wave Fig. 3a for y2 where 


y2 > yi = area of fundamental Fig. 3c 


Lbe =Lac—Lap| (Area beneath flux wave of Fig. 34 for y2)— (area 


beneath flux wave, Fig. 34 for yi) where y2>y1 


Gad Area of fundamental Fig. 34 

Lbo Area (abcd) Fig. 38 = area (a’ b’ c’ d’) Fig. 3c 

ery [Area (abcd) — area of fundamental Fig. 38] 
= farea (abcd) Fig. 38 — shaded area for 
y = yiin Fig. 3a] 

er Area (ef gh) Fig. 3c 

Lai [Area (efgh) Fig. 3c — area of fundamental 
Fig. 3c] = [area (ef g h) Fig. 3c — area beneath 
flux wave of Fig. 3a for y = y] 

U1 a1 — Lag 


The table has been made showing the relation be- 
tween the reactances of Fig. 2D and the areas of the flux 
waves produced by the direct axis circuits. The rela- 
tions between the flux waves produced by the quadra- 
ture axis circuits and the elements of Fig. 2D, when the 
network is applied to this axis, is given by the same 
table when Figs. 3A, 3B, and 8c are replaced by 
Figs. 35, 3F, and 3G, respectively. 

A brief review of the method used to establish the 
equivalent network representing either axis of the ma- 
chine will be helpful. Each circuit is considered sepa- 
rately using an arbitrary unit m. m. f. on which to 
base the calculation of its constants. Letting the 
unit m. m. f. exist in any particular circuit, the flux 
is divided into two components, the leakage and the 
mutual fluxes, and the reactances due to each are 
calculated separately. The parts of the remaining flux 
mutual with other circuits are then found and the corre- 
sponding reactance determined. In this manner each 
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circuit is determined in terms of its leakage and mutual 
reactances. The mutual reactances of two circuits with 
respect to each other may be replaced by a single reac- 
tance so that, by applying this rule, the separate cir- 
cuits join to form the network of Fig. 2D. 

That any number of inductively coupled circuits can 
be joined into a network by replacing their mutual re- 
actances, with respect to each other, by common reac- 
tances can be demonstrated provided all of the circuits 
are in a medium of constant permeability. This dem- 
onstration is proof of the fact that the equivalent net- 
work of Fig. 2D exactly represents each axis of a syn- 
chronous machine having separate, nested, rotor cir- 
cuits. To make the network general it must be ex- 
tended as described in the following discussion. 

All of the air-gap flux across the pole face is assumed 
to link the field circuit and unless there are bars in the 
interpolar space this circuit has the maximum span. So 
long as all of the bars are in the pole face, the network of 


Fic. 4—ExtTEensIon OF THE HQUIVALENT Circuit TO ALLOW 
FoR Muruat CovuriinG oF THE Pote Trp Bars AND THE FIELD 
WINDING 


Fig. 2p exactly represents either axis of the machine. 
When bars are in the pole tips, however, the rotor circuit 
formed by them has the same mutual reactance with the 
stator and all inside bar circuits as the field circuit. 
That is, careful calculations have failed to show an 
appreciable difference for practical dimensions of the 
magnetic structure. When the bars in the pole tips are 
well below the pole face, as shown in Fig. 1, some of the 
field leakage flux passing between the tips of adjacent 
poles will link the bar circuit when the distance between 
the pole tips is sufficiently small. Consequently, in 
some cases there isa mutual reactance* between the pole 
tip bars and the field. The portion of the field leakage 
flux linking these bars may be calculated and will, of 
course, result in the same reactance in the bar circuit as 
in the field. Hence, to make the network general, 
including the case of pole tip bars, this mutual reac- 
tance of the bars and field must be added, as shown in 
Fig. 4, where it is illustrated as »;. As the field leakage 
reactance, calculated by the formula given in Appendix 
B, includes the total pole tip flux it is necessary to sub- 
tract from it the reactance which is mutual with the pole 
tip bars. The field circuit is naturally non-inductive 
in the quadrature axis so that the network for this axis 
“ephis reactanee is in addition to the mutual reactance which 


is due to the flux completing the magnetic cireuit through 
the armature iron. 
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In practical calculations, x», may be 
It is, therefore, omitted in the circuit 


is unaltered. 
assumed zero. 
shown in Fig. 5A. 

The circuits (as illustrated) exactly represent an 
actual machine having individual end rings for every 
pair of symmetrically placed bars; that is, a machine 
having .truly nested rotor circuits. In an actual ma- 
chine the resistance drop in the end ring of any bar cir- 
cuit is common to all other bar circuits. These mutual 
resistances of the bar circuits may be exactly repre- 
sented by resistances placed in the network as shown in 
Figs. 5B and 5c. In the direct axis, Fig. 5B, the re- 
sistance is not mutual to the field winding. Therefore, 
the field circuit is connected across its mutual reactance 
with the stator as a separate circuit. This involves a 
slight approximation, since it destroys the proper mu- 
tual reactance between the field and the amortisseur bar 
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Fig. 5—Compiete EQuivALENT CriRcuITS 


a. Direct’axis circuit suggested for practical calculations 
b. Alternating direct axis circuit 
ec. Exact circuit for the quadrature axis 


circuits. The author’s experience in making calcula- 
tions substantiates the conclusion that it is more ac- 
curate to assume the amortisseur bar circuits to be truly 
nested circuits having individual shielded end rings, 
except in cases of very low rotor frequency. Hence, 
the end ring resistance is added to the bar resistance in 
the equivalent circuit, shown in Fig. 5A, which is sug- 
gested for practical use. The neglect of the mutual 
effect of end ring resistance is based on the fact that it is 
a factor of less importance than the proper mutual re- 
actance of the field winding and the bar circuits. The 
reactance 2): is the difference between the reactance due 
to the total field flux which crosses the air-gap and that 
due to the fundamental of this flux. The latter reac- 
tance is the mutual reactance with the stator as is 
brought out in the discussion of rotor circuits in general. 
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There is a certain amount of end ring leakage reac- 
tance which is mutual to all of the rotor bar circuits. 
This can be taken care of in the same way as the end 
ring resistance, and, consequently, can either be con- 
sidered in calculating the reactances “1, Yi2, etc., in the 
circuits of Fig. 5 or added to the bar reactance 5. In 
most cases it is entirely negligible. 

Although no formulas are given for’ éaleulating the 
constants of an equivalent circuit for a pole collar, the 
existence of which would necessitate an additional 
branch of the network, the procedure in developing the 
formulas and the circuit would be exactly similar to the 
treatment of the field winding. It has been found that 
where a pole collar is situated at the base of the pole its 
reactance may be sufficiently high so that its influence 
on torque and current is slight. Eddy currents in the 
rotor spider have also been found to have slight effect 
as the branch of the network which can be developed to 
represent them is of high impedance in most cases. 
Eddy currents in the poles themselves have relatively 
little effect on torque. They have been neglected in this 
presentation. The method, however, can include these 
factors. 

As the field circuit may be either opened or closed, 
a switch is placed in the field winding branch of the 
direct networks, Figs. 54 and 5B. The resistance in this 
branch includes any external resistance through which 
the field may be closed. 

Also, as the end rings may or may not be continuous 

between poles, a switch is placed in the portion of 
the quadrature axis network representing the circuit 
formed by the pole tip bars. 
rings (incomplete squirrel cage) has no effect on the 
network other than opening the switch illustrated 
in Fig. 5c. 
- In Fig. 6 the circuit is. extended to the case of a 
double squirrel-cage winding. The circuits formed by 
the upper and lower bars in any pair of symmetrically 
placed slots have the same mutual reactance with the 
stator windings. A portion of the leakage flux of each 
links the other, causing a mutual reactance between the 
bars which.is greater than the mutual reactance with 
the stator. As the leakage reactance of each circuit is 
calculated including this additional mutual reactance, 
the latter must be subtracted. The remaining re- 
actances plus the bar resistances form the circuit 
impedances, which are connected in parallel with the 
mutual reactance in series as shown in Fig. 6. 

The final proof of the equivalent circuits is the fact 
that they satisfy the voltage or flux linkage equations 
which can be. written for the separate circuits of the 
machine.’ These equations are not written here since 
it is considered more appropriate to establish the cir- 
cuits on physical reasoning, of which the equations are 
simply a mathematical expression. 


VI. RESULTS 
- Appendices give the formulas and curves by A and B 


The condition of open end | 
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which the separate impedances of the circuit elements 
for the direct and quadrature axis circuits, respectively, 
are calculated. The calculation of these circuits gives 
the factors Za, 2. 2a’, and z,’ needed to evaluate Equa- 
tions (11) and (12), determining the currents 7; and 1. 
The results may then be used to evaluate Equation (14) 
for torque. The direct axis impedances, za and Zu’, 
are calculated from identical circuits except for the 
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Fig. 6—Compirete EQuivaLENtT CIRCUITS REPRESENTING 


a. The direct axis, and (b), the quadrature axis, of a synchronous 
motor having a double amortisseur winding 


stator resistance, r1, which, in the case of the impedance 
: 1 : ; 
Za’, 1S ( yey ) times the normal value used in the 


Circuit for za. ‘The same difference holds for the quadra- 
ture impedances z, and z,’. 

The formulas of Appendices A and B show that the 
per-unit reactances of the networks are constant for 
any value of slip but that the per-unit resistances are 
inversely proportional to the slip. Once having caleu- 
lated the networks, they can be repeated with new 
resistance values. Doing this several times, using 
appropriate values of slip, determines the complete 
speed-torque and speed-current characteristics. 

The total armature current is given by the super- 
position of the current 7; of fundamental frequency, 
and the current i, having a frequency of (1— 28) 
times the fundamental. That is, the armature phase 
currents, 71, 72, and 73, are: 
i, =%,coswt+%cost(2s—1) wt — (15) 
ig = iy cos (wt — 120°) + % Cos (2 8 — 1) (wt + 120°) 
is = i; cos (wt — 240°) + % cos (2s — 1) (wt + 240°) 
where time is measured from the instant when the two 
current vectors, i; and 7, are coincident in phase a 
At 100 per cent slip the current vectors rotate at equal 
speeds with a constant phase angle between them. 
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Hence, vector addition must be used and, when the 
axis of phase 1 and the direct axes coincide, the result- 
ing phase currents are: 

ii = ty Ft 
i, / — 120° + a, / + 120° 
i, / + 120° + i, / — 120° (16) 
When the direct axis is ahead of the axis of phase 1 
by an angle @ the phase currents are: 
j i4cos 0 — 12, sin 0 


dy 


13 = 


n= 


i, = ia cos (8 — 120) — 2, sin (6 — 120) 
i; = tacos (0 + 120) — 2, sin (@ + 120) 
or, 


= (i; + i,) cos 0 +9 (i; — ay) sin 0 
i, = (i; + %) cos (6 — 120) +9 Gy — %) sin (8 — 120) 
i, = (4; + is) cos (0 + 120) + 9 (i; — %) sin (6 + 120) 
From Equation (15) it is apparent that the current in 
any phase at any speed other than zero, 50, and 100 
per cent slip pulsates irregularly with time. That is, 
an ammeter in any phase will pulsate (noticeably at 
speeds close to zero, 50 and 100 per cent slip although 
the pulsations may be too rapid at intermediate speeds 
to be noticed on an ordinary meter). At any inter- 
mediate speed the maximum value of the pulsating 
current will be, 


t=; tp (17) 
and the minimum value is, 
4=4—W (18) 
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Induced field volts 


Torque and current in percent 
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Percent of synchronous speed 


Heavy curve—test data 

Dashed curve—calculated data 

Curve A—Induced field volts (multiply scale by 100) 

Curve B—Torque in per cent of full load torque 

Curve C—Line current in per cent of full load current. (Multiply scale 
by 5) , 

Fra. 7—ComPaRIsON OF CALCULATED RESULTS AND Test Data 


1450-hp., 60-pole, 120-rev. per min., 4600-volt synchronous motor for 
compressor drive. (Field open) 


These maximum and minimum values are important, 
as at speeds close to zero and 100 per cent slip both 
currents may be of nearly the same frequency, adding 
or subtracting directly over a relatively long period. 
This causes the familiar beats when a synchronous 
motor slowly starts up or pulls in or out of synchronism. 

The effective current at any speed can be determined 
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by taking the square root of the mean square of Equa- 
tion (15) over a cycle whose period is equal to the recipro- 


w 
cal of the highest common factor of ( oe ) and 
(2s—1)o 


This current, is 
PAGE 


t= VSif +i? (19) 
At speeds close to 50 per cent, slip, 2, is of very low 
frequency, and therefore at these speeds the current 


pulsates between a maximum of ¥/ i? + 1,” and 4). 
The formulas have been used with marked success. 


Percent of full load current 


Fig.{8—CautcutateD CURRENT DisTRIBUTION (APPROXIMATE) 
IN THE AMORTISSEUR WINDING 


Of a 1450-hp., 60-pole, 120-rev. per min., 4600-volt synchronous motor. 
Open end rings. Field closed through 10 times its own resistance 


Torque and current in percent 


Percent of synchronous speed 


Curve A—Torque in per cent of full load torque 
Curve B—Line current in per cent of full load current. 
scale by 5) 


(Multiply 


Fie. 9 


Calculated torque and current of 1450-hp., 60-pole, 120-rev. per min., 
4600-volt synchronous motor with complete amortisseur winding. (Closed 
end rings. Field closed through 10 times its own resistance) 


To illustrate the degree of accuracy obtained, a com- 
parison of calculated and test results is shown in Fig. 7 
for a 60 pole, 1450-hp., 120-rev. per. min.—4600-volt, 
0.8-power-factor motor. The calculated currents in 
the amortisseur bars of this machine are plotted as a 
function of speed in Fig. 8. Figs. 9 and 10 afford a 
comparison of the calculated torque and current for 
the condition of closed and open end rings. Fig. 10 
illustrates the calculated effect of external resistance in 
the field circuit. Finally, Fig. 11 shows the effect of 
changing the number and position of the bars, keeping 
constant copper, in the poles of a large waterwheel 
generator rated at 77,500 kv-a., 68 poles, 88.2 rev. per 
min., 18,800 volts, 0.8 power factor. 
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This final illustration is obtained by a rearrangement 
of Equation (49), reference 8, resulting in the following 
expression for per-unit damping torque for small angles 
of oscillation, 


Zq— 2q(s 
Ta= Real-of.0.e [ mld poe cos 0? 
&q &q (s) 
Za — Za (8) ; ] 
ee sin 6? (20) 
where 
Za = synchronous impedance of the machine in the 


direct axis, including the linereactance up to 
aninfinitebus. Line resistanceisneglected. 
It is determined by solving the direct axis 
equivalent circuit when the slip, s, is zero. 


Torque and current in percent 


Percent of synchronous speed 


Heavy curve—test data 

Dashed curve—calculated data 

Curve A—Induced field amperes (divide scale by 2) 

Curve B—Torque in per cent of full load torque 

Curve C—Line current in per cent of full load current. (Multiply 
scale by 5) ‘ 


Fia. 10O—Comparison OF CALCULATED RESULTS AND TEst Data 


1450-hp., 60-pole, 120-rev. per min., 4600-volt synchronous motor for 
compressor drive. (Field closed through 10 times its own resistance, 
open-end rings) 


za(s)= impedance of the direct axis of the machine 
when the rotor is slipping at a per-unit 
speed s. It is determined by solving the 
equivalent circuit when all rotor resistances 


are divided by s. 
z,andz,(s) are the corresponding quantities for the quad- 
rature axis. 
e = per-unit voltage of the infinite bus. 
6’ = maximum angle of deviation in radians from 
the normal position. 
Fig. 114 shows the calculated damping torque of the 


generator for an oscillation, having a total amplitude of 
one radian, as a function of the average position angle, 
6. Curves are given for six different designs of the 
amortisseur winding. The lowest curve shows the 
damping due to the field alone, and the higher curves 
show the effects of adding amortisseur windings of dif- 
ferent spans. 


The damping torque at no-load, 6 = 0, is zero without 
an amortisseur, and is negligible if the span of the 
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amortisseur is less than about two-thirds of the pole 
face, but increases rapidly as the span approaches the 
full width of the pole. When the end rings are continu- 
ous between the poles a large increase in no-load damp- 
ing is secured, but the damping in the neighborhood of 
maximum synchronous output is affected to a relatively 
small degree. 

Fig. 118 shows the effect of the amortisseur design on 
the sub-transient reactances The negative phase se- 
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Fic. 114—+Dampine Torque vs. PosiTion ANGLE OF THE 
77,500-Ky-a. GENERATOR 


Heavy lines—Open end rings between poles 

Dotted lines—Closed end rings between poles 

Constant cross-section of copper, uniformly distributed over the span, 
is assumed 


quence reactance, which should be as high as possible to 
limit phase-to-ground and phase-to-phase fault currents, 
decreases as the amortisseur span is increased, and is low 
when the end rings between the poles are closed. Thus, 
these calculations make possible a rational decision on 
the best amortisseur design, taking into account both 
favorable and unfavorable factors. 

The curves shown were calculated for a frequency of 


Per-unit reactance 


20 40 60 80 100 120 140 160 180 
Span of the amortisseur winding on each pole in clectrical degrees 


Fig. 11p—SusrraNsIENT REACTANCES OF THE 77,500-Ky-a. 
GeNpERATOR vs. THE SPAN OF THE AMORTISSEUR WINDING 


Constant total cross-section of copper, uniformly distributed in the pole 
face, is assumed. ‘The end rings are assumed open, except for the points 
on the extreme right of the figure 


hunting of 0.6 cycles per second and with a 25 per cent 
reactance between the generator and an infinite bus. 
Also, a constant total cross-section of copper in the 
amortisseur bars was assumed for all spans. 
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VIII: DERIVATION OF FORMULAS FOR THE ELEMENTS 


OF THE EQUIVALENT CIRCUITS 

General Method. Following the method employed by 
Doherty and Nickle in Synchronous Machines, I,* the 
flux waves illustrated in Fig. 3 are obtained as the 
products of the m.m. fs. acting at points along the 
armature surface and the permeance coefficients applying 
to the magnetic path at corresponding points. The 
permeance coefficient and the m. m. f. are expressed as 
functions of the distance, y, along the armature surface. 
The product of the two may then be integrated to find 
the flux between any two values of y. 

By flux plotting it has been found that the permeance 
distribution for the first harmonic of armature m. m. f. 
is given by the reciprocal of the effective air-gap* and 
may be expressed as, 


ae 
Binge ety fa 


where a is the ratio of pole arc to pole pitch and p is the 
ratio of maximum gap to minimum gap. This expres- 
sion is accurate for values of y less than the pole arc. 
It holds as a good approximation for greater values, but 
for such values it is easier to use data derived from 
flux plots. Through the use of these plots the calcula- 
tion is simplified and the accuracy maintained. Hence, 
in appendices A and B, use if made of Figs. 18, 14, and 
15, based on data derived by Wieseman,’ from flux plots 
for a great many pole structures. 


Per-Unit Base. In Part IV, it was stated that the 
impedance elements of all circuits must be calculated 
on the basis of the same unit m. m. f. in order to allow 
the circuits to be joined into equivalent networks repre- 
senting the direct and quadrature axes of the machine. 
To avoid confusion a m. m. f. of 0.4 7 times one ampere 
turn is chosen. The impedance elements of the cir- 
cuits are, therefore, calculated in equivalent ohms on a 
one-turn base. Actual ohms are, of course, the number 
of turns squared, times the equivalent one-turn ohms. 
The advantage in basing all impedance calculations on 


“The effective gap is defined as the actual gap corrected for 
slot fringing. 
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an arbitrarily chosen unit m.m.f., is that it conve- 
niently takes account of the turn ratio between circuits. 
This is especially helpful when there are several circuits, 
each having a different number of turns. 

In addition, it is desirable to express all of the 
impedance elements as per-unit quantities. It follows 
immediately from the definitions of unit m.m.f., 
flux, voltage, and impedance, given in Part III, that 
unit impedance on the basis of an equivalent armature 
winding, in each axis of the machine, having a single 
turn, is, 


27 fn bs 10-8 
Unit impedance = tho 


ohms (22) 
where ¢; is normal or unit flux, f, is normal frequency 
and A is the equivalent square wave value of armature 
reaction ampere turns, defined in Part II] as unit m. m. f. 
A one turn winding of this impedance in each axis will 
produce exactly the same effects as the actual armature 
winding. The impedance of a single turn winding 
which will produce the same effect when the impressed 
frequency is sf,, corresponding to the frequency of 
rotor currents at a given slip s, becomes, 


2a8fn 6; 10-§ ohms 
A 


The per-unit base is, therefore, proportional to the 
impressed frequency, 7. e., normal volts are proportional 
to the frequency. As the equivalent circuits are estab- 
lished for the purpose of evaluating currents whose 
frequency with respect to the rotor is sf,, unit im- 
pedance for all rotor circuits is given by Equation (23). 
Since the armature currents pulsate at two frequencies, 
namely, f, and (1—2s)f,, the per-unit base for 
impedance to current of the first frequency is given by 
Equation (22) and that to current of the second fre- 
quency is given by, 


2m (1— 28) fn b; 10-8 
Unit impedance = rnb ee ohms 


Unit impedance = (23) 


(24) 


These values of unit impedance, Equations (22), (23), 
and (24), are obtained when the definition of unit 
impedance, given in Part III, is multiplied by two- 
thirds to convert to the normal impedance of one phase 
and then is successively divided by the number of poles, 


to convert to terms of one axis, and by the number of. 


turns per pole squared to convert to terms of an equiva- 
lent one-turn winding in each axis. 
Appendix A 


IMPEDANCE CONSTANTS FOR THE DIRECT AXIS CIRCUITS 
~ Armature Resistance, r;. Armature resistance is ex- 
pressed as a per unit quantity by the ratio of ohms 
per phase to unit impedance. Hence at 75 deg. cent., 
i 8.84 P (ML T) 

aa, N K. $y, (area cond.) 
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where K, is “ie combined pitch and distribution factor,’ 
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P is the number of poles, (M L T) is the mean length of 
turn, and N is the number of turns in series per phase. 
For convenience all formulas are expressed in terms of 
A, the unit m. m. f., and ¢;, the unit flux. All lengths 
and areas are in inch units when not expressed as frac- 
tions of a unit length. 

Armature Leakage Reactance, x; The most accurate 
formula for. this reactance is one derived by Alger, 
the derivation for which has already been published.! 
As a per unit quantity it is, 


25.5 Al PL /3 1 d d 
aes rae [ee a Nee ee 
2 
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where L is the gross core length, S is the number of 
slots, p is the per cent winding pitch, D is the gap 
diameter, F is the no-load air-gap field ampere turns per 
pole, w is the slot width, d; is the depth from the top 
of the slot to the first coil, and d, is the total depth of 
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Fig. 12—GRrapH OF ¢a, = f (y) 


copper including the insulation between the coils. 
Mutual Reactance, xa, of the Armature Winding and 
Rotor Circuits. The mutual reactance of the armature 
winding and any rotor circuit is the reactance of the 
rotor circuit due to the linkages established by the 
armature flux. In order to determine it the flux distri= 
bution must be known. Since the reactance is calcu- 
lated .for equivalent one turn armature and rotor 
windings in each axis, the distribution of m. m. ft pro- 
duced by a current of one ampere is, 
m.m.f= [04% cos 5-9 | (3a), 
The flux between any two values of yis the integral of 
the product of m.m.f. and permeance. Hence, from 
nes (21) and (3a), 
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This expression may be expanded and ‘integrated by 
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parts, or the flux wave may be plotted and the area 
beneath the curve, between any two values of y, deter- 
mined graphically. Since it is desired to take the inte- 
gration only between limits of y = 0 and any positive 
value of y, either method makes it possible to plot the 
mutual flux, ¢.,, against values of y. In Fig. 12 this 
plotting has been done for several values of a, the ratio 
of pole arc to pole pitch, and p, the ratio of maximum 
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Fig. 13—FUNDAMENTAL oF THE ArR-Gap FLux WAVE 


When a salient pole synchronous machine is excited by only a sine wave 
armature m. m. f. whose axis coincides with the pole center. 


Maximum value of actual flux wave equals fundamental Agj = A X B 


gap to minimum gap. Hence, the mutual flux may be 
read from the eurves. 

As the product 2 7 10-* times frequency is common 
to all reactance calculations as well as unit impedance 
it may be omitted from both. Then, per unit reactance 
will be given directly by the ratio of the flux, dar, 
produced by a m. m. f..of one ampere turn, to o;/A. 
That is, on the basis of unit m. m.f., A, per unit reac- 
tance is the ratio of the flux Se ociead to normal flux. 
o; must first be determined in terms of the area of a 
sine wave of base 2 and an ordinate depending upon the 
m.m.f. of the field. 
turns are designated by F, the maximum density of the 


field flux.is 0.4 7 F, since the maximum permeance. of 
From the curves. 


the gap.is taken as unit permeance. 
of Fig. 14, the maximum ordinate of the fundamental 
of the field flux is, 0.4 7 A,F. Hence the total funda- 
mental flux is, 


oy =16A,F (5a) 
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If the no-load air-gap ampere, 
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Then, the per unit reactance is, 


Lar = Dar Aa F (6a) 
The curves of Fig. 12 include the factor 1.6 of Equation 
(5a). 

Reactance, %.a, of Armature Reaction. The reactance 
of armature reaction is reactance due to the sine wave 
fundamental of the total air-gap flux wave produced by 
normal armature current at synchronous speed. Equa- 
tion (6a) is a good approximation for %.a when ar 
is determined for y = 1. The calculations may also 
be made, easily and accurately, by the following method. 

The maximum density of the flux wave produced by 
one ampere turn is, 0.4 7 (4/7) = 1.6. Then from 
Fig. 13, the maximum ordinate of the fundamental of 
the flux waveis, 1.6 Aa:. Hence, the total fundamental 
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Fig. 14—FunDAMENTAL oF THE No-Loap FLux WAVE IN THE 
Arn-Garp oF A SALIENT-PoLE SyNcHRONOUS MACHINE 


Maximum value of actual flux wave equals unity Fundamental Ai 
=A an. 


flux, expressed as the area of a sine wave of base 2 and 
maximum ordinate 1.6 A ai, is, : 


6.4 i 
Pad = ae Aa (Ja) 
The ratio of this flux to.¢;/A, where @; is given by: 


Haugen (5a), gives as a per unit quantity,, 
yeas Aa A 


Tv Ai F 


Mutual Reactance, Lar, of the Armature and Field 


Lad = (Ba) 
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Windings. In this case, Equation (6a) again gives 
a good approximation, but here also another expression 
may be derived which is simple and accurate. Whena 
m.m.f. of one ampere turn is produced by the field 
circuit the maximum density of the resulting flux is 
0.47. From Fig. 14, the maximum density of the sine 
wave fundamental of the flux wave is 0.47 Ai. The 
total effective flux linking the armature then, is, 1.6 Ax. 
The ratio of this flux to ¢,;/A gives the following 
expression for the per-unit mutual reactance of the field 
and armature windings. 


Laf = FE 


Flux plots show that there is very little error in assum- 
ing that the circuit formed by bars in the pole tips has 
the same mutual reactance with the armature winding 
as the field winding has. Hence, Equation (9a) also 
determines the mutual reactance of the armature and 
the circuit formed by the pole tip bars. 

Mutual Reactance, x,,, of Two Rotor Circuits. The 
mutual reactance of any rotor circuit, of pitch y, with 
any outside rotor circuit is taken as the whole of the air- 
gap flux produced by the inside circuit. Ifam. m. f. 
of one ampere-turn exists, the air-gap flux produced is, 


(9a) 


Yn 
ady 
bn = 0.87 J wae aT (10a) 
0.8 os 
= tet arc tan [ ven E wn] (1la) 


The ratio of this flux to $;/A gives, in per-unit terms, 


9. Sasha Daath AF pare tan [ ah Yn (12a) 
The fundamental of the flux wave of Equation (10a) 
is the effective flux which links the stator and, if the 


Ler = 


mutual reactances of the armature and any rotor cir- 


cuit are to be the same whether calculated from a 
consideration of either circuit, it should be equal to the 
flux of Equation (4a). Applying Fourier series analysis 
to the curve of Equation (10a) and solving for the area 
of the fundamental gives, 


ocosT/2ydy 
eel) yy; 


which is equal to ¢., from Equation (4a). 

Leakage Reactance, Xn, of the Amortisseur Circuits. 
This reactance is calculated by the usual method of 
integrating the product of the permeance of an elemen- 
tal magnetic path, the m. m. f. acting on the path, and 
the turns linked by flux passing through the path. 
The leakage reactance of an amortisseur circuit is due 
to the slot and slot opening leakage flux of two bars. 
Hence, for a current of one ampere the leakage flux is, 


o = 3.2 
0 


gon = 6.38 Ip [ a sie P, | lines 
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where J; is the length of one bar, d/w is the ratio of the 


ds 
depth to the width of the slot opening, and P, = an 
for a rectangular slot or 0.625 for a round slot. The 


ratio of this flux to ¢;/A gives the per-unit reactance, 


Lon = . w “te 8 by ( 3a) 

Leakage Reactance, X;, of the Field Winding. This 
reactance is determined in exactly the same way as 
the bar reactance except that all of the field turns are 
considered in multiple to form a one turn winding. 
The irregularity of the pole structure makes the deriva- 
tion a lengthy task, the theoretical basis for which has 
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already been published.2 The per-unit value of the 
reactance is given approximately by, 


Al 
X; = Ta (Ly + Li) (14a) 
3.6 h 14d 
where LL = ia Tr and 


L, = 14(*-0.25) +5.5(— +020)—4(-2-—05) 


The nomenclature is explained by Fig. 16. 

Resistance, Ton, of the Amortisseur Circuits. The per 
unit resistance of an amortisseur circuit, at 75 deg. cent. 
is twice the ohmic resistance of a single bar divided by 


unit ohms, Equation (23). Therefore, 
l, A. 
Ton = 26.3 k as sf dy (17a) 
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where k is the ratio of the resistivity of the metal to 
that of copper, J; is the length of one bar, a; is the cross- 
sectional area of the bars, and sf is the product of 
per cent slip and normal frequency. 

End Ring Resistance, r,n. This resistance is twice the 
resistance of a single end ring between the bars of any 
amortisseur circuit. Asa per unit quantity at 75 deg. 
cent. it is, 


n = 26.3 k 


A 
ae ey (18a) 


where J, is the length of one ring section between the 
bars and a, is the cross-sectional area of one ring. 
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Field Resistance, R;. This resistance is determined 
by the mean length of turn and the product of the cross- 
sectional area a;, of the conductor and the number of 
turns, n;. The per unit expression is, 


(MT) TE) A 
sf os 


K here is the ratio of external to internal resistance of 
the field circuit. 


Fisges VER OLE 20) wee (19a) 
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Appendix B 
IMPEDANCE CONSTANTS FOR THE QUADRATURE AXIS 
CIRCUIT 


The impedance constants for the quadrature axis 
are determined by the same method as those for the 
direct axis. The resistance and leakage reactance of 
the armature winding are constant for all practical 
purposes regardless of the rotor position. Hence they 
may be calculated in the quadrature axis by formulas 
(1a) and (2a) respectively. 

Mutual Reactance, xa, of the Armature and Rotor 
Circuit. Consider a current of one ampere to flow in 
an armature winding of one effective turn producing a 
sinusoidal m. m. f. in the quadrature axis. The result- 
ing air-gap flux will be treated in two parts, namely, that 
portion over the pole face and that in the interpolar 

space. The flux between any two points on adjacent 
pole faces, symmetrically located about the center 
line between poles is, 


Dar == Par’ 4 aed 


where the flux over the pole face is, from Fig. 1, 


4a®sinr/2ydy 


Par = 2f At Gee (poly. #) (1b) 


and ¢,,” is the flux in the interpolar space. 
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Flux plots have shown that there is very little error 
(since only the magnitude of the flux is desired) in 
determining the flux in the interpolar space on the 
assumption that the m.m.f. acts on a constant per- 
meance, o/p where o is a fringing coefficient determined 


ala 
ns 
oof 
al 
ae 
0 


: ae 


2534. 955° 26) 07) eS O AON Fd 54 915 
Ratio of Cto maximum gap 


Fic. 17—Grarpu oro = f (c/Max. Gap) 


from flux plots. The flux in the interpolar space is 


then, 
1 ; 
: 0.4270 (4/rsnaw/2y)dy 646 Ta 
Par =2f : etc COS 5 
(2b) 


Equation (1b) may be expanded and integrated by 
parts or the integration may be done graphically. 
Values of ¢.,’ may then be plotted against correspond- 
ing values of y. This has been done in Fig. 18 for 
several ratios of pole are to pole pitch and maximum 
gap to minimum gap. Based on these curves, 


6.4 o 


Par 3 Dita. (3b) 
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Fic. 18—Graru OF ¢a,’ = f (y) 


where dara’ is the ordinate of the curve of Fig. 18 at 
y = cand daryn’ is the ordinate at any particular value 
of y corresponding to the span of the rotor circuit for 
which the mutual reactance is being calculated. The 
per-unit value is determined by the ratio of da, to 
¢;/A. Hence, when ¢;is expressed as in Equation (5a) 


Lar = 


, : o Ta ] A 
[ ara ae Parun “i 1 p COs 2 Aan 
(4b) 
The curves of Fig. 18 are modified to include the 
constant 1.6 introduced by Equation (5a). The fring- 
ing coefficient is given by Fig. 17. 

Reactance, Ya,, of Armature Reaction. Flux plots 
afford a simple and accurate means of determining this 
reactance which otherwise would be difficult to derive. 
Thus from Fig. 15, the total area of the fundamental 
flux wave due to am.m. f. of one ampere turn in the 
armature winding is, 


6.4 
Pay = aes (5b) 
Taking the ratio of this flux to ,/A, the per-unit 


reactance of armature reaction is, therefore, 
4°"ATA a 
ae FA, 


Mutual Reactance, x,, of any Two Quadrature Axis 
Rotor Circuits. This reactance may be taken as due 
to the total air-gap flux established by the inside cir- 
cuit. Again this flux may be considered to be made up 
of two parts. The flux in the interpolar space may be 
determined with good accuracy by considering the 
m.m.f. to be of constant value acting on a uniform 
gap of permeance o/p. Then 


Or = Ore =| Derr” 


where the flux in the interpolar space is, 


Lag = (6b) 


, ad Some. (Ta Qa) 
io os p 
and the flux over the pole faces is, 
: re ad y 
drr = 0.8 Sa Faye We 
0.8 ——— a 
= = * | are tan »/ p — 1 — arctan vest,,| 
Al pak a 
(9b) 
The per-unit value of the reactance is therefore, 
7 — ex 
Lor = Lele tan ./p—1—arc tan VP=2y,) 
aes ] Sia rOk 
ip) i CSOT EK (10b) 


The leakage reactance of the rotor circuits is calcu- 
lated by the same formula as for the direct axis circuit, 
i. e., Equation (13a). Likewise the resistance of the 
rotor circuit is given by Equation (17a). These two 
formulas hold for all quadrature axis circuits except the 
one formed by bars at the pole centers. In this case 
the effective impedance is twice that given by Equa- 
tions (13a) and (17a) since each bar is a common 
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conductor for two adjacent quadrature axes. The end 
ring resistance is calculated in all cases by Equation 
(18a) regardless of whether the amortisseur is complete 
or not. 


Appendix C 


ASSEMBLED FORMULAS 


In this appendix the formulas necessary to calculate 
numerical values for all parts of the equivalent circuits, 
Figs. 54 and 5c are assembled. The solution of the 


circuits gives numerical values for Zz and Z, which, 


with the impedances Z,’ and Z,’, completely determine 
the starting performance. 
from the same circuit except that the value of armature 
resistance, 71, is divided by the per-unit frequency 
@s= 1); 


EQUATIONS COMMON TO EITHER AXIS 


25.5 A P (8p+1) ds di 
ae all s rem aad) 
(8p—1)D 1 AAP 
+.0.3 Pp ] cr sean (1c) 
88AP(MLT) : 
"1 = "f, N K2 $; (area cond.) wee 
Lon = . w aie s hy ( c) 
ds 
where P, = or for rectangular slots or .625 for round 
slots. 
opens = 4 
Ton rr . as sf oy ( Cc) 


where k is the ratio of resistivity of the bar material 
to that of copper. 
Ler ee 
Op sf oj 
EQUATIONS FOR CONSTANTS OF THE DIRECT AXIS 
CIRCUIT, FIG. 5A 


Ten = 26.3 k (5c) 


AeA 
Lea = 1.27 Bay SITS (6c) 
‘ 1 
A 
Lar = Par s Averl (7c) 
‘5 . 
Lop = (8c) 
1.57 @ RR 
Cre = cert ieen: arc tan [ v| (9c) 


Za’ and Z,' are determined 
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$ pret BO kaa (2 2s) 
45.6(—-+.20)-4(—-- 5) Jace 
R, = 181K +1) oo “. (116) 


where K is the ratio of internal to external resistance. 


EQUATIONS FOR CONSTANTS OF THE QUADRATURE AXIS 
: CIRCUIT, FIG. 5c 


} : 4 o Ta A 
Lor = [ dana = aria Tt Bi COS “5” ] AF (12c) 
Adley A. ia 
Degas: 4h F (13c) 
_ 157 A 4 
Ler = Ay F Sapna are tan 4/ [ae 
p—1 o (1— a) 
inti + | ate) 


12.76 [ nae As | ol 15 
Loo = w ie s a) ( Cc) 
52.6 — Z (16c) 
fio ==) Das irre c 
: as fos 
NOMENCLATURE 

a, = cross-sectional area of amortisseur bar 

a; = cross-sectional area of field circuit conductor 

a, = cross-sectional area of one end ring 

A = square wave armature reaction ampere turns 

A, = ratio of maximum ordinate of the sine wave 


fundamental of the field flux to the maxi- 
mum ordinate of the actual flux wave 

Aa = ratio of maximum ordinate of the sine wave 
fundamental of the armature flux to the 
maximum ordinate of the actual flux wave 
in the direct axis 

A, = same for the quadrature axis 


d = depth of amortisseur bar slot opening 

f, = rated frequency of the machine 

F = field ampere turns required to produce normal 
voltage in the armature on open-circuit 

K, = combined pitch and distribution constants 


of the armature winding 
dar = see Fig. 12 
dar’ = see Fig. 18 


l = gross stacking length of armature punchings 
l, = length of one amortisseur bar 
1. .= length of end ring between two bars forming 


a rotor circuit 
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M LT = mean length of armature turn 


n; | = number of turns per pole in the field circuit 

0 = winding pitch expressed as a decimal 

P= number of poles 

p = ratio of maximum to minimum gap 

R; =resistance of field circuit as a per-unit 
quantity 

rp, = resistance of bars in an amortisseur circuit 

' (2 bars) as a per-unit quantity 

Tn = per-unit resistance of end rings in an amortis- 
seur circuit (2 rings) 

r, = per-unit armature resistance 

Ss = total number of slots 

w = width of amortisseur slot opening 

Yaa = per-unit reactance of armature reaction 

Yay = per-unit mutual reactance of armature and field 

Lar = per-unit mutual reactance of thearmature and 
a rotor circuit formed by barsin the pole face 

%,; = per-unit mutual reactance of the field and 
the pole tip bar circuit 

Yon = per-unit leakage reactance of the bars form- 
ing and amortisseur circuit 

X; = per-unit leakage reactance of the field circuit 

t, = Unr— Lar = per-unit differential leakage re- 
actance of a rotor circuit 

t,, = per-unit mutual reactance of two rotor 
circuits 

v, = per-unit leakage reactance of the armature 
winding 

a  =ratio pole arc to pole pitch 

¢; = number of lines of fundamental sine wave 


field flux required to generate normal 
voltage in the armature on open circuit 


o =see Fig. 17. 
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Discussion 


I. H. Summers: I wish to discuss this paper from the stand- 
point of its usefulness in making calculations of the behavior of 
synchronous machines during transients in power systems. 

Mr. Linville has assembled in one clear paper all of the impor- 
tant information necessary to enable designers to determine 
equivalent circuits which adequately specify the starting 
characteristics. Formulas are also given to enable damping 
torque to be obtained. Thus, what has been accomplished that is 
new is that it has been made possible to obtain for any given 
machine equivalent circuits made up from design data, which will 
accurately describe not only starting conditions, but also will 
enable damping torque during disturbances to be calculated. 
This should make it possible to make step-by-step stability 
calculations and take damping accurately into account. 

F. W. Gay: Mr. Linville said he would be delighted to apply 
his synchronous motor theory to any “‘practical”’ system. 

There are many synchronous machines which are started at no 


6 PST Open Starting 
Closed Running 


Running Switch 


load, such as frequency changers and slow speed, multiple pole 
motors. One type for which low-voltage starting is required 
allows the stator to revolve freely during the starting period. 
Such machines may readily be designed to start at approximately 
30 per cent voltage, although in many eases oil will have to be 
pumped to the bearings during the starting period. Fig. 1 is a 
diagrammatic representation of a proposed three-phase motor 
winding. Each of the three phases consists of three coil groups 
lettered a, b, and c, respectively. Switch marked 6 P S T is left 
open during the starting period so that the coil groups a, b, and ¢ 
in each phase are in series. The 6 group of coils in each phase is 
connected 180 electrical degrees with respect to the a and ¢ 
groups, but all three groups have the same phase rotation. 


It is obvious that during the starting period, the starting 


current will pass through all three groups in series and since all 
three groups have the same rotation, each group will cooperate 
with the other two groups to turn the rotor in the desired 
direction. At the two points around the stator where the a and c 
groups interleave with the b group there will be dead points and 
at these dead points the polarity of the rotating field will reverse. 
Its direction of rotation will be the same in all groups around the 
stator. While the effectiveness of the dead points in starting the 


rotor will be practically nil the reactance to current interposed by - 


the dead points will also be practically nil. The starting current 
will therefore be somewhat more than 1/9 of the “‘across the line 
current’’ and the effective starting torque will be substantially 
the same as if the normally parallel connected machine were 
thrown across % voltage except that there will be no voltage 
drop or reactive ky-a. loss in a starting compensator. After the 
machine has reached full speed the synchronous motor field is 
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closed while the windings are still connected in series. Windings 
a will generate 100 per cent line voltage, while windings 6b will also 
generate 100 per cent line voltage but in reverse polarity. The 
sum of the voltages across a and 6b will therefore be zero and the 
junction of windings b and c will therefore be at line potential. 
Windings c and 6} will also generate 100 per cent voltage but will 
be 180 deg. out of phase with respect to each other so that the 
junction points of windings a and 6 will be at neutral potential. 
Air break disconnecting switch 6 P S T may therefore be closed 
without disturbing the operation of the machine in any respect. 
Switch 6 P S T may consist of a six-pole mechanism operated 
switch or it may consist of six single pole stick operated switches. 
The scheme that I have outlined should never be used unless it is 
positively known that the starting torque required will not exceed 
the ability of the normally connected machine to start at 4 
voltage. I should like to ask Mr. Linville if such a starting 
scheme will work. Isit “‘practical?”’ 

C. C. Shutt: (communicated after adjournment) Mr. Lin- 
ville’s paper presents a novel and comparatively accurate means 
for calculating the starting performance of salient pole syn- 
chronous motors and gives the design engineer a method by 
which he may apply a part of the theoretical work of Park! to 
actual machines. 

In working through a design by the method as outlined in this 
paper, I found, however, that the labor involved in actually 
solving the networks in complex notation for a sufficient number 
of values of slip to determine a speed torque curve, was prohibi- 
tive for practical design purposes, even though they were simpli- 
fied by appropriate transformations. Moreover, it must be 
remembered that high-speed machines often have 7 or 9 or an 
even greater number of damper bars per pole, thus giving a very 
formidable network. To save time and effort the networks, with 
all constants evaluated for the values of slip, were submitted_to 
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Fig. 


For a 2700-hp., 120-rev. per min. synchronous motor 


2—SPEED-TORGUE CURVE 


an a-c. calculating board. In the hands of an experienced 
operator, the required values of ZqZg, Za’ , and Z,’ were ob- 
tained in a reasonable time. 

In a paper presented before the Institute some time ago, Mr. H. 
V. Putman? gave a method for calculating the starting perform- 
ance of synchronous machines, in which he showed, for the first 
time, an accurate method of calculating the effect on torque and 
stator current of an imperfect polyphase damper circuit com- 
bined with the single-phase field winding circuits. In this paper 

1. R. H. Park, Two Reaction Theory of Synchronous Machines, 
Part I, A. I. E. E. Trans., Vol. 48, July, 1929, p. 716. 


2. H. V. Putman, Starting Performance of Synchronous Motors, 
A.I. E.E., Trans., Vol. 46, 1927, p. 39. 
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he reduced his method to practical formulas readily applicable 
to commercial designs. 

In Fig. 2 herewith is given a set of speed torque curves for a 
2700-hp., 120-rev. per. min., 100 percent power factor synchronous 
motor, with its field winding closed through 13 times itS own 
resistance. These curves compare the test values with the 
values as calculated by each of the two methods. It will be 
noted that there is but little to choose between the two methods 
of calculation. 

Mr. Linville’s method has the added theoretical accuracy of 
taking into account the effect of armature resistance and non- 
uniform air-gap. Also, by setting up the networks on a caleulat- 
ing board, the current in each damper bar circuit may be obtained 
ina comparatively ready manner. 

The suggested approximation of neglecting the effect of the 
mutual resistance of the end rings seems to be well justified when 
one considers that in present day synchronous motors the specific 
resistance of the damper bar materials is often several times that 
of the copper end rings. In case the end rings are of material 
having higher resistance than copper, it is essential that their 
resistance be added to the resistance of the bars as shown in 
Section 5a. The omission of the end ring leakage reactance 
does not seem justifiable in many cases. 

Apparently no account is taken in the rotor slot constant given 
of any pure leakage flux existing in the gap or interpolar space, 
due to the m. m. f. of the individual damper bars. Iam inclined 
to question the accuracy of the general approximation of using, 
in the direct axis circuit, the same values of Xa, and X,, for the 
field winding and the circuit of the bars in the pole tips. It 
seems reasonable enough for the particular type of pole punching 
shown, but where the end bars are located a short distance from 
the ends of the pole tip and open into the gap proper, it is prob- 
ably worth while to calculate the constants separately and thus 
add another complication to the direct axis network. This 
latter method of construction, however, eliminates any mutual 
reactance betwen this end bar damper circuit and the field circuit 
due to field leakage flux. 

T. M. Linville: With reference to Mr. Gay’s question, I said 
that the paper would solve any problem in starting of a practical 
synchronous motor simply because I couldn’t very well include 
in the paper all the special cases, but there are ideas expressed in 
the paper which can be applied in a general way and so I think, 
using these ideas, Mr. Gay’s problem can be solved. If he has a 
problem which involves circuits on a synchronous machine, 
there will be a solution. 

The interesting part of the paper to me is the fact that it deals 
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with mutually coupled circuits and Mr. Gay’s problem is exactly 
that. 1 think he will find the paper adequate to answer his 
question. Offhand it is difficult to make an accurate reply. 
What more mature study will bring forth I cannot say now. 

Mr. Shutt’s comment that the labor involved in solving the 
circuits is too great cannot be denied. In high-speed machines it 
do not propose to solve a formidable network since the number of 
bars can be easily reduced to an equivalent smaller number. The 
paper has been published to show the foundation from which 
accurate practical methods can be derived. 


The theory was worked out with the idea of avoiding all as- 
sumptions if possible. With the exception of assuming negligible 
saturation I think this objective has been obtained. All har- 
monies in the distribution of the armature phase m. m. f. can be 
taken into account by separate equivalent circuits, in series, with 
no alteration in the theory. Fortunately this is not necessary. 
The equation used for the permeance distribution for the first 
harmonic of armature m. m. f. is only used over the pole face and 
within this range it will check flux so perfectly that it hardly is an 
assumption. 


I feel that the paper is an improvement over the method 
presented by Mr. Putman since the assumptions he made are 
avoided. These assumptions are clearly stated and defined 
in the TRANSACTIONS. 


Still referring to Mr. Shutt’s comments, I have shown in the 
paper how the end ring leakage reactance could be included. 
The formula for this is easy to derive. I have found it better 
not to neglect the mutual resistance of the end rings in some 
cases when calculating the conditions at small values of slip, 
although this never produces much error unless the stacking is 
short and the poles few. 


The formula for the rotor slot constant, X >, should include a 
factor to take account of the pure leakage fiux existing in the gap 
due to the m. m. f. of the individual bars. This is an oversight 
since a factor, which is a function of the gap length, is used in 
this formula. 


Mr. Shutt’s final comment, namely, that of using the same 
values of Xqr and X;, for the fielding winding and the pole tip 
bars, is due to an impression which the paper was not in- 
tended to carry. The expression, “‘pole tip bars”’ is used to mean 
bars which actually are in the pole tips and open into the inter- 
polar space. End bars which open into the air-gap should have 
their constants calculated separately. Mr. Shutt’s remarks 
show an appreciation of the paper which it is pleasing to know 
exists. 
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Synopsis.—The studies were made experimentally and analyti- 
cally. In the experimental study, a model of hard wood was used, 
with a multiple of vent ducts of normal width of 3% in. each in the 
stator, the slots and teeth being of approximately average width. 
A four-pole rotor is distinct from one of a large number of poles; 
consequently two rotors were built, one of four poles and one of 
twelve poles, the latter being considered as representative of the 
greater number. The end bells and the imitations of the end wind- 
ings were different for the two numbers of poles. In the test results 
given, data for only standard fiber wedges are included, but other 
forms were investigated. The vent fingers extended the full depth 
of the core, thereby enabling measurement to be made of the volume 
of air per vent per tooth, a rotating vane anemometer with a suitable 
funnel attachment being employed. The end bells were solid, 
simulating standard construction and the entrances to the two bells 
were joined to a common duct, in series with which was a thermal 
volume meter and an external blower, the speed of which could 
readily be adjusted. (See Fig. 6.) Pressures were measured in the 
inner and in the outer end bells. The rotor of the model was driven 
by a d-c. motor, the power input to which was measured. By this 
means windage data were obtained, and many of those results are 
included among other data on the curve sheets. 

For taking a characteristic pressure volume curve, the first 
reading was taken with the rotor running at a suitable arbitrary 
speed, with the external blower stationary, and with its entrance 
closed. The pressure was then generated by the poles acting as fans, 
and by the internal fans. For a number of succeeding readings. 
cardboard orifices with various size holes were placed over the 
external blower entrance, until that entrance was wide open. Sub- 
sequently, the external blower was started, and readings were taken 
with it running at a number of speeds. The form of curves thus 
obtained is shown in Fig. 9, the meaning of the three curves being 
there indicated. One of the limitations imposed by ventilation tests 
as usually made on an alternator is that only one point on the inner 
end bell pressure—volume curve is obtained: nearly that at D in 
Fig. 9. The data thereby obtained do not enable the designer to 


I. INTRODUCTION 


HE importance of a systematic study of ventilation 
of particular types of machines has been realized 
for a number of years. The success of the study 

of the multiple radial system of ventilation of turbo 
alternators, as a result of which the pressures, volumes, 
and their distribution are calculated,!?)3 led to the 
granting of an appropriation for a systematic experi- 
mental and analytical study of ventilation of salient 
pole alternators early in 1925, and the experimental 
work which is discussed in this paper, was completed 
early in 1929. There were many delays and interrup- 
tions which were in part responsible for the great length 
of time of four years. So many tests were made that the 
results of some of them are omitted. The work was 
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estimate the volumes, when conditions out of the ordinary are intro- 
duced; these would include, for example, the resistance of external 
ducts of a cooler, or of the influence of greater or less axial length, or 
of the effect of change in fan proportions, etc. The effects of these 
and the influence of the structural changes are treated in the paper. 
At one or more volumes on the pressure-volume curve, volume 
distribution curves were taken, and from data thereby obtained the 
influence of axial length was allowed for in the equations derived. 


In interpreting the results, it is important to eliminate some inde- 
pendent variables. Thus angular velocity may be eliminated, as the 
pressure is proportional to the square and the volume to the first 
power of the speed, the shape of volume distribution curve remaining 
the same. Ample experimental verification was obtained. Ma- 
chine dimensions were more uncertain, and after many tests. it 
appears that for a given value of end bell pressure and angular 
velocity, the volume distribution for the shorter machine is sub- 
stantially the same as for the longer machine with the ends removed. 
As those tests were many, the number of vents, (or length of machine) 
as considered in the following list of the 11 structural independent 
variables: (1) Number of poles; (2) Fans; (3) Number of vents; 
(4) Wedges in stator; (5) Interpolar spaces; (6) Fan seals; 
(7) Fan shroud rings; (8) Field coil braces; (9) Plates in end bells; 
(10) Round and square pole corners; (11) Location of fans. Data 
for Nos. 4, 8, and 11 are not given in this paper, and not all for No. 2. 
There were several unusual results obtained, such as breaks in some 
of the pressure volume curves for four poles. Data are given for. 
various fans, and also without fans, for both numbers of poles. 
For twelve poles centrifugal and axial: (or -‘‘scoop”) fans were 
studied. 


In Appendices 1 and 2 derivations of the more important equations 
for resistance and volume distribution are given. Appendix 3 
covers a method for allowing for air flow through holes back of the 
core, for various fans, and for external pressure drops. In Appen= 
dix 4 the equations for parabolic volume distribution and the 
method of least squares appear. ; 


done on a model, the structure of which could readily 


~be altered. 


II. CONSTRUCTION OF THE MODEL 


The model was made of hard wood, with a multiple of 
vent ducts of normal width of 3% in. each in the stator, 
the slots and teeth being of approximately average 
width; there was to be only one finger per tooth; and 
standard fiber wedges with rounded edges were first 
employed. A four-pole rotor is distinct from one of a 
large number of poles, but ten or more poles are suffi- 
ciently alike to warrant the construction of only one 
rotor of the greater number of poles. The final decision 
as to pole numbers was four and twelve; too much time 
and expense would be involved if more rotors were to be 
built. An eight-pole rotor is believed to be sufficiently 
like twelve poles to justify the use of twelve-pole data; 
and as few six-pole rotors are built, it is believed that 
sufficiently accurate approximations can be obtained 
by averaging the four-pole and twelve-pole data. Both 
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the four-pole and twelve-pole rotors were made of wood, 
and the same stator was used for both. The end bells, 
and the imitations of the end windings were different 
for the two numbers of poles. 

It was believed that the higher peripheral speeds of 
large generators should be approached. The four-pole 
rotor external diameter was 22 in., and the twelve-pole 
223% in. Thus with the maximum intended speed of 
about 2000 rev. per min., the peripheral velocity with 
twelve poles would be 12,100 ft. per min. Actually, 
the tests indicated the feasibility of operating at lower 
angular velocities, as will subsequently be shown. 
Consequently, most tests were made at 1200 to 1800 


Fig: 1—Four-Pote Rotor 


rev. per min. The internal diameter of the stator was 
2234 in., leaving single air-gaps of 3% in. for four poles 
and 3/16 in. for twelve poles, which are about represen- 
tative air-gaps for the pole proportions adopted. For 
the four-pole rotor the ratio of pole arc to pole pitch 
was 0.64; and for twelve poles 0.72, which are also 
representative. 

- Tn the construction adopted for both rotors, the pole 
sides were the same width as the pole tips, as indicated 
in Figs. 1 and 2. Thus, the pole sides in the model 
imitate the outside of the field coils, which in many 
alternators are substantially the same width as, the 
pole shoes. To have changed the rotors to correspond 


Fig. 2—Twrtve-Potze Rotor 


to different field coil widths would have prolonged the 
tests considerably more. However, some tests were 
made with pieces of wood attached to the sides of the 
poles of the twelve-pole rotor, thereby reducing the 
interpolar spaces. 

The stator was built. up of ten sections of hard wood 
each 1.5 in. thick, and two end sections 2 in. thick. 
There was a total of eleven vent ducts, there being no 
vents beyond the thicker end. sections. Each section 
imitated a package of laminations. The wood sections 


were square on the outside, each side being 35 in. In. 


order to simplify manufacture, no slots were cut in the 
wood sections. Instead of this, as shown in Fig. 3, 
punchings were made with the use of existing dies, the 
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punchings being circular at the inner and outer diam- 
eters. One punching was nailed to each wooden section. 
Then to imitate the coils, blocks of hard wood which 
just fitted the slots, and were 3 in. plus the lamination 
thickness axially, were nailed to the wood sections. 
For the earlier tests, fiber wedges of standard construc- 
tion were fastened to these blocks by means of wood 
screws. Although special efforts were made to make all 
wooden blocks and wedges alike, the tests showed 
considerable variation from one vent duct to the next. 
Consequently, in later tests with different ‘forms of 
wedges, micarta blocks screwed on were used instead of 
wood, and the wedges were then made of brass accu- 
rately machined. 

In all tests, there was one vent finger per tooth. 
These were standard construction of 0.094 in. steel 
riveted to the punchings. They were all one piece, not 
broken back of the slots as is frequently the case in 
alternators. The purpose was to insure that the air 
which entered between adjacent fingers would not es- 
cape until it was finally expelled at the rear, thereby 
permitting of the measurement of the air volume in a 
single vent duct between two adjacent fingers, 2. e., the 
air volume per tooth. Eight fingers on each side 
terminated flush with the straight sides of the square 


FIGRE WEDGE 
Fig. 3—Imiratrion or Coin AND WEDGE AT Vent Duct 


sections, thus admitting of volume measurements in 
3 <7 = 21 positions at each axial vent duct position. 
(As the fourth side was at the bottom and inaccessible, 
measurements were made on three sides.) As the 
restrictions to air flow were chiefly in the teeth, and 
particularly adjacent to the wedges, the friction offered 
by the length of the path beyond the teeth did not 
influence the pressure drop appreciably, and conse- 
quently the use of the same stator for four and twelve 
poles was justified. 

Dummy end windings of pine lumber were placed at 
either end, they being different for the four-pole and 
twelve-pole rotor. Their proportions were approxi- 
mately those which would be used in representative 
alternators. For the four-pole rotor the throw was slot 
1 to slot 9, or 24 of full pitch. For twelve poles it was 
1 to 5, or full pitch (48 slots total). These dummy end 
windings were easily removed or interchanged. 

Standard end bell construction was used. As the 
stator end windings were longer for four poles than for 
twelve poles, wider end-bells were adopted for the 
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former than for the latter. A cross-section of the 
model is shown in Fig. 5. For simplicity, at the left 
side of Fig. 5, the rotor, the end windings, and end bells 
for the four-pole model are drawn, and at the right side 
they are shown for twelve poles. The original fans and 
seal rings for four and twelve poles are shown, but there 
were various fans, and other seal rings tried. 


III. Set-Up For TESTS 
The scheme for set-up for tests is shown in perspective 
in Fig. 6. The square wooden model is near the left 


SS) $8 LOTS TOTAL 


Fig. 4—Srator TootH AND VENT CONSTRUCTION 


side of the sketch. The ends of the rotor shaft, after 
passing through the end bells, are supported by pedestal 
bearings, and on one end a pulley is mounted, the rotor 
being belted to a suitable direct current motor. The 
air enters through the external fan which is also driven 
by a suitable d-c. motor. After passing through this 
fan, the air flows past straightening vanes which were 
adjusted in the early part of the test to minimize errors 
in the thermal volume meter. 

In Fig. 7 part of the four-pole rotor appears in the 


Ya 


” 


Fic. 5—Mopewi Construction 


foreground, the twelve-pole rotor being in the stator. 
Manometers for measuring the air pressures are 
mounted on the micarta board above the model. The 
pressure tube is in part within the inner wall of the end 
bell. The anemometer in its funnel is on the support 
for the pedestal. In Fig. 7 the thermal volume meter‘ 
is that part of the duct with the large number of wires 
on the outside. The electrical instruments—voltmeters, 
ammeters, and potentiometers used for the volume 
meter readings and for the input to the driving motor— 
are on the table at the left. ‘The tachometer is on the 
support for the pedestal in Fig. 7. ; 


IV. METHODS OF CONDUCTING TESTS 


A steady source of d-c. voltage was secured for supply- 
ing power to the two motors and to the heater of the 
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thermal volume meter. For a given set-up of the 
model, the rotor was driven at such speed, usually 1200 
or 1800 rev. per min., that suitable readings of pressures 
could be obtained, and the maximum permissible 
speed of the external fan would not be exceeded for the 
range in volumes that it was desired to cover. The 
rotor was run at this speed for about an hour before 
taking observations, in order that the bearing tempera- 


Model Alternator (of wood) 


Fan Motor 
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Blades to Reduce Turbulence 


Volume Meter 


Outer End Bell 


Inner End Bell 
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Fig. 6—Trst Set-Up ror Satient-Pote ALTERNATOR VENTI- 
LATION STUDY 
Approximately to scale—man shows relative size 


ture would not change enough to affect the losses 
therein. 

The first reading was taken with the external blower 
stationary, and with the entrance thereto closed; then 
the volume of air flowing through the model was negli- 
gible. Readings of speed, of pressure in the inner and 
outer end bells (indicated as P2and P 5in Fig. 6), 
power input to the motor driving the rotor of the model 
were taken. The pressure was then generated by the 


Fic. 7—Tue Test Srt-up 


rotor poles acting as fans, and by the internal fans 
mounted on the rotor. Following this set of observa- 
tions, with the external fan still stationary, a cardboard 
orifice with a hole of suitable size was placed over the 
entrance to the external fan. As the pressure P 5, on 
the intake side, was then below atmospheric pressure, 
the cardboard was held in position by the pressure 
difference at the fan’s entrance. In addition to the 
readings taken at zero volume, the volume meter 
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reading was also taken. This was repeated with other 
orifices until the fan entrance was wide open. Then the 
external fan was started, and the pressure it generated 
was added to the pressure generated by the rotor and 
internal fans. This was repeated at higher fan speeds 
until the desired range of observations was completed. 
For all these readings, the model speed was kept the 
same, except in a few cases when the maximum speed 
of the external fan had been obtained, the speed of the 
rotor of the model was dropped in order to secure 
higher points.on the pressure volume characteristic. 
The input to the d-c. motor was measured for each 


VENT KE5 ARM AES 


ATHOGLLRO OT 


Le LAT KEF 
PUUUTER: 
ALU VULTHOE 


Vir av 
Zi 
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setting to determine the windage losses. In order that 
suitable allowance be made for the losses in the motor, 
belt, and bearings, motor input readings were taken with 
the model rotor removed from the shaft; in addition, 
the motor armature J? R loss was allowed for in the 
usual way. 

The axial distribution of volumes was taken at one or 
two points on the pressure volume curve. For these, 
a rotating vane anemometer was used, as shown in 
Fig. 7. The spacings of the vent duct fingers were 
uniform, and the tapered sides of the funnel were made 
so as to fit into the vent duct opening at the rear. 
To determine the influence of different numbers of 
vent ducts, some vents were closed for some curves, 
for which suitable pieces of wood with felt inside held in 
place with wood clamps were used. The clamps were 
easily added or removed. The two vents at either end 
are closed in Fig. 7. 

It is believed that the reader will be assisted toward 
an understanding of the manner in which the tests were 
conducted by an electrical analogy, as in Fig. 8. 

There are three generators (fans) which supply the 
current: the external fan, the internal fans (at the ends 
of the rotor) and the poles acting as fans. All fans (or 
generators) operate at constant speed except the ex- 
ternal fan, the speed of which is adjustable. The total* 
current (or volume per unit of time) is measured by 
means of a thermal volume meter (ammeter A in the 
electrical diagram). In the electrical diagram the 
orifices which were used with the external fan at stand- 
still are represented by “External Resistance,” and for 
higher pressures the pressure of the generator analogous 
to the “External Fan” is varied by any of the usual 
means. The static pressures are measured in the inner 
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and outer bells,® these pressures being indicated as P» 
and P; respectively (E» and HE; in the electrical diagram), 
both being measured above (or below) atmospheric 
pressure, the latter being taken as at zero potential for 
reference. Between P, and P; are the internal fans, so 
that P, — Ps = generated fan pressure. 

The air flows against resistance when flowing before 
and after, and through the internal fans, through the 
interpolar spaces and air gap, and through the radial 
vent ducts. These various resistances are indicated 
in the electrical diagram; thus, the resistance offered 
during the passage through the interpolar spaces and 
air gap is indicated as “axial resistance,” etc. The 
ammeters in each vent duct path correspond to the 
anemometer for taking vent duct volume distribution 
readings. 

The pressure volume curves are of the general form 
indicated in Fig. 9. Ps, the inner end bell pressure 
curve, is the pressure required to drive the air through 
the circuits from the end bells to the atmosphere. It 
includes all the pressure drops in that part of the circuit 
and the pressure generated by the poles. Evidently, a 
generated pressure is of opposite sign to a consumed 
pressure (as in an electrical circuit), and therefore if the 
pressure consumed by resistance be taken as positive, 
the pressure generated by the poles acting as fans, is 
negative. Thus, at point A, for zero volume, the 
pressure is negative, the air being shut off at entrance, 
and the poles, as fans, tend to “suck’’ the air out of the 
end bells. In the diagram of the analogous electric 
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circuit in Fig. 8, the polarity of the three generators 
is marked + and—. Considering that atmospheric 
pressure is zero potential in the electrical analogy, if the 
circuit be opened at a terminal of the “external fan,” 
E, and E; will read negative. They will continue to be 
negative for high external resistances, and E, becomes 
positive when the internal resistance exceeds the pres- 
sure generated by the poles. At the point C (Fig. 9) 
the inner end bell pressure is zero, (atmospheric pres- 
sure), and the volume then corresponds to the case of 
open end bells. In the experiments, for most of the 
readings between A and C, the external fan was shut 
down, and resistances in the form of orifices were used 
to regulate the flow of air. 

In Fig. 9, it is evident that the pressure P,; measured 
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in the outer end bell is below that of the inner end bell 
P, by the amount of the fan generated pressure. De- 
ducting P; from P: gives the fan curve. The volume 
corresponding to the point of intersection, D, of the 
P; curve with the zero axis is nearly the working point 
in the usual alternator. There is a slight departure 
due to the fact that there is generally a small drop in 
pressure from the entrance to end bell to the entrance 
to the fan. The P, and P; curves approach each other, 
owing to the increasing internal pressure drop in the fan 
as the volume is increased. The point of intersection 
of these two curves at H corresponds to the condition of 
all pressure generated by the internal fans being con- 
sumed by their internal resistance—like an electrical 
generator on short circuit.. Thus the fan pressure K is 
zero at the same abscissa as H. Beyond H or K, the 
fan pressure comes negative, meaning that the internal 
pressure drop in the fan exceeds its generated pressure. 
The data obtained in this way for the twelve-pole 
model agreed very well with the data published® pre- 
viously. The data from fans for the four-pole model 
did not agree, and that will be gone into later. 

One of the limitations imposed by tests as usually 
made on an alternator is that only one point on the P, 
curve is obtained, approximately that at D on Fig. 9. 
This assumes that volumes and pressures are measured 
accurately, which is generally not the case. -With the 
-introduction of conditions out of the ordinary, such as 
the resistance of external ducts or of an external cooler, 
or parallel paths through holes back of the core, or of the 
influence of greater or less axial length, or of the effect 
of change in fan proportions, etc., the designer could 
not do much better than make an “‘intelligent guess.” 
In this paper methods for computing air volumes and 
pressures for these, and other structural changes, are 
included. 

It is well to note that the analogy between the.air and 
electric circuits must not be carried too far. Thus, in 
the electric circuit, shown in Fig. 8, the axial resistance 
drop would cause the pressure to decrease as the middle 
of the machine is approached, and consequently the 
volumes per duct would decrease also. But for the air 
circuit, as the axial velocity decreases, the static pres- 
sure increases (in accordance with Bermoulli’s equation) 
and therefore the stator volume per duct increases also. 
Again, in the electric circuit, the pressure drop is pro- 
portional to the first power of the current, whereas the 
analogous relation takes the quadratic form for the air 
circuit when the flow is turbulent. 


To the rotating vane anemometer which was used for * 


obtaining the volume distribution curves, a funnel was 
attached and the other end of the funnel fitted into the 
space between two adjacent fingers. The anemometer 
is usually an unreliable device, particularly if it is to be 
used for measuring air velocities in an open duct. How- 
ever, when it is desired to secure only relative readings 
and to measure volumes, instead of velocities, it is fairly 
reliable and is about as good as any instrument that we 
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know of at present. What we were interested in was the 
shape of the volume distribution, meaning relative 
values. One difficulty with an anemometer is that its 
calibration may change from time to time due to change 
in friction, or in the shapes of the blades which might be 
inadvertently bent. Furthermore, owing to static 
friction in its bearings, the velocity of the air passing 
through it must attain a certain value before the 
anemometer will rotate. This also means that a cali- 
bration curve does not pass through the origin. The 


difficulties were overcome by checking the anemometer 


frequently by means of a small vacuum cleaner motor 
and fan, provided with a short funnel, into which one 
end of the anemometer funnel was fitted. A suitable 
orifice was placed in this air circuit and the square root 
of the pressure drop across this orifice was proportional 
to the volume of air. By taking a series of readings and 
plotting these square roots against anemometer readings 
a straight line was obtained, and the readings as secured 
subsequently on the model were then corrected with the 
use of this calibration curve. A few points would be 
checked frequently in order to determine whether or 
not the instrument’s had altered. If it had, a complete 
new calibration curve was obtained. 

- The funnel as used was about 24 in. long; in the earlier 
readings the funnel was about half that length, and it 
was found that when connected to the calibrating device 


different results were obtained if the anemometer were 


vertical or horizontal. It was also found that readings 
were unreliable when used in the alternator model, due 
to pulsations which did not disappear in the shorter 
funnel. In general, 14 minute readings were taken so as 
to conserve time with the large number that were se- 
cured. The readings were taken at one side and. at the 
top, there being ten readings in each axial position, 


-which were subsequently averaged and a suitable 


correction was applied to the average. This saved 
labor in working up the results, as compared with 
correcting each reading and then averaging the cor- 
rected readings. The errors introduced by the simpler 
method were undoubtedly of small moment. 

After having taken some of the earlier readings, when 
the difficulty with pulsation was experienced, it was 
thought that perhaps a better understanding of the 
phenomenon might be obtained by studying the varia- 
tion in pressure in the vent duct. Consequently, a 
special device was designed and was connected to a vent 
duct opening, the other end of the air column impinging 
upon a diaphram connected to a small mirror which, in 
turn, magnified the variations in pressures in ways 
familar to those versed in the art. A beam of light 
thrown on this mirror, in much the same way as in an 
oscillograph, enables an observer to secure a record on a 
film just as in an oscillograph. In fact, the mirror and 
light system, etc., were those ordinarily used in an 
oscillograph. No air flowed through the particular vent 
opening which was connected with the instrument while 
a record was taken. One of the records obtained is 
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shown in Fig. 10, which was taken in the third duct from 
the center line, at a high point on the pressure volume 
‘curve. A study of some of the films indicates how 
complicated are the phenomena with which we are 
dealing and therefore how difficult it would be to obtain 
an analysis based upon fundamentals. 

The comparison between magnetic pulsations, fre- 
quently obtained on oscillograms, and the air pulsations 
are interesting. There seems little doubt but that the 
large pulsations are due to the poles. The fine pulsa- 
tions are due to the pressure of teeth and slots, 7. @., 
tooth harmonics. These pulsations can be quite easily 
‘explained qualitatively. Evidently, when a pole passes 


Fig. 10—Sratic PRESSURE 


1200 rev. per min. 
2.54-in. H2O end-bell press 


in front of a vent, the area for axial flow is reduced, and 
‘the- vent duct velocity and pressure fall, thereby 
‘accounting for the large pulsations. The “tooth 
harmonics” are produced by elastic pressure pulsations 
due to variation in section as the pole passes from tooth 
to slot; itis believed that the whole volume of air 
pulsates slightly, and that viscosity assists to dampen 
the variations. 


VY. INTERPRETATION OF RESULTS 


1. Elimination of Some Independent Variables. As 
is usual in experimental work, there are many inde- 
pendent variables, and it is important to reduce their 
number toa minimum. With the existing knowledge of 
the subject, some of these, such as are associated with 
the mechanical structure, as the wedge shape, must 
remain as independent variables. It was found, how- 
ever, that a few variables are interdependent, and if 
experimental data are obtained for one set of conditions, 
they can be applied to another. These are: (1) Rev. 
per min., (2) Dimensions of machine, (3) Holes back of 
core, (4) Fans if data were available on fans in fan test 
‘model equipment.’ Experimental data were obtained 
to verify these interdependent relations, as follows: 
Berti Reo. per min. In Appendix 1 the derivation of 
the relation between volume and inner end bell pressure 
is given, the derivation having been obtained by the 
‘method of dimensional analysis. As in most rotating 
apparatus, the pressures generated by centrifugal 
‘forces are proportional to the square of the angular 
-yelocity. With turbulent flow, and for a given resis- 
tance in the circuit, the volume is proportional to the 
first power of the angular velocity. Consequently, if 
data are obtained at one speed, they may be applied at 
any other speed by multiplying the pressures by the 
square of the ratio of angular velocities, and the volumes 
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by the first power of that ratio. The pressures in the 
outer end bell are equal to those in the inner end bell 
minus the pressure across the fan. Since the fan follows 
the same general laws in regard to the effect of rev. per 
min., as the machine, the outer end bell pressure does 
too. (All data for the twelve-pole model have been 
arbitrarily reduced to 1000 rev. per min. (or 1 rev. per 
min.), and most of the four-pole data are reduced to 
1800 rev. per min., although a few have been reduced to 


1 rev. per min.* An example of experimental proof is 


given by Fig. 11 where data taken at 1800 and 1200 
rev. per min. are reduced to 1000 rev. per min. and are 
on the same curves. 

As another example of experimental proof see Fig. 12. 
The constants in the equation from which the curve is 
plotted were obtained from the 1200 rev. per min. data, 
many more points having been obtained than could be 
plotted, as all of them are crowded at the lower part of 
the curve. The data taken at as low a speed as 195 
rev. per min. fit in very nicely with the calculated curve 
based upon 1200 rev. per min. data. The check is par- 
ticularly striking when one considers that the square of 
the speed ratio is 37.7. 

There were various other experimental data obtained, 
proving that speed can be eliminated as an independent 
variable. One was the agreement in anemometer read- 
ings for the central vent duct taken at 1200 and 1800 
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rev. per min., and reduced to a common speed. The 
distribution of volumes per vent is relatively the same 
for all speeds, the volume per vent being proportional 
to the first power of the speed. 

2. Dimensions of Machine. The dimensions of the 
vent ducts were typical of those for an average machine. 
Aside from the influences of the structure, the factors 


*Most of the four-pole data were taken before the twelve-pole, 
and were plotted at the speed at which most of those data were 
taken: 1800 rev. per min.’ It is obviously better to reduce to 
1000 or 1 rev. per min., but too much labor would have been 
involved to change all the four-pole curve data. Most twelve- 
pole data were taken at 1200 rev. per min. 
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which determine the pressure drop through a vent 
duct are the circumferential and axial velocities of air in 
the air-gap and interpolar spaces, and the radial velocity 
in the vents. If for a given length of machine running 
at a definite angular velocity there is a certain end bell 
pressure to drive the air through the interpolar spaces to 
which the pressure generated by the centrifugal action 
of the poles is to be added, a definite velocity is obtained 
in the middle vent duct. For any other vent duct the 
movement of the air axially in the air-gap and interpolar 
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All data reduced to ninety rev. per 
Drawn in curve calculated from equation: 


P =0.108 V? + 0.0162 Vv — 0.007 v? 


spaces makes for higher velocity at those places and, 
therefore, the static pressure there is less than it is at 
the center of the machine; consequently, if the velocity 
radially in the vent ducts is dependent upon the static 
pressure in the air-gap, that velocity is lower as the dis- 
tance from the center of the machine increases. As 
shown theoretically in the treatment of ventilation of 
turbo alternators, the curve of axial distribution is that 
of a cosine with the axis of reference at the position of 
maximum radial velocity. It is now known that the 
curve is not so simple as that of a cosine, due not only to 
the unavoidable losses in the air-gap, but also due to the 
fact that the radial velocity is not proportional to the 
square root of the difference of static pressure between 
the air-gap and the air outside of the punchings. Large 
numbers of tests have been made on models, simulating 
vent and other ducts, which have assisted materially 
in our understanding of these relations. In those 
experiments, the influences of such things as wedge 
construction, angle of incidence, gap velocities, heights 
and shapes of fingers, were studied. Reports covering 
that work have not been published. Among other 
deductions, it appears that the influence of the axial 
movement of the air is relatively small in its effect upon 
the radial flow in the vent ducts. Changes in circum- 
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ferential velocity have much more influence. There- 
fore, in many cases we should not be making a very 
great error by considering the curves to be those of 
simple cosine form. In our early work, which was 
done on the four-pole model, the form of the equation 
was still further simplified by treating it as a parabola* 
of the form: 
Y=a—bxz 

The axis of reference for x is then at the middle of the 
machine. Some of the subsequent work which was 
done with reduced interpolar spaces to imitate very 
long machines for the twelve-pole model, indicated that 
it was sufficiently correct to consider the equation to be 
of this form. Instead of the distribution curve drop- 
ping all the way from the center to the extremities, the 
ends of the curve bend upward. This was even more 
marked when more efficient forms of wedges were sub- 
stituted for standard wedges, or when the wedges were 
omitted entirely at the vent ducts, with rounded coil 
corners.. In any case, however, it appears that for a 
given value of end bell. pressure and angular velocity 


the distribution curve for the shorter machine is nearly . 


the same as for the longer machine with the ends re- 
moved. While shorter models were not actually sub- 
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7 and 11 ducts open. Twelve- and four-pole rotors 

stituted for the longer one, which would have involved a 
great deal more time and expense, it is believed that the 
confirmation of this statement is sufficient, based upon 
the tests which were made by closing off the ends and 
by closing the three middle vent ducts. Attention is 
called to Fig. 13, for which the points have been plotted 
for seven vents and eleven vents for the four- and 
twelve-pole rotors. For those tests which are com- 
parable, the end-bell pressures and rev. per min. are the 
same. Within the range of experimental error, it is 
believed that this confirms our statement fairly well. 


*The expansion of cos x is: 

x? x x 
34 ccm et 
The parabolic substitution therefore makes use of the first two 
terms of this series. 


cosx = 1 — 
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Attention is also called to Fig. 14. In this case, not 
only were the outer vent. ducts closed, but the three 
middle ones were subsequently closed with all the 
others open. If the curves for this latter condition are 
moved toward the center, they will be found nearly to 
coincide with the curves for eleven vents. 

There are a great number of irregularities associated 
with the comparison of a full size machine with that of 
a model, taking into account all the variations in length, 
interpolar space, air-gap, diameters, etc., but it is 
believed that sufficiently close approximations can be 
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Twelve-pole rotor. No. 11 fans. Showing effect of shorter machine. 
With hoods. No seal ring. Zero end-bell pressure 1200 rev. per min. 
All data reduced to 1000 rev. per min. Standard wedges. Rounded pole 
corners. (See Figs. 32 and 33 for fan details) 


made with the use of the empirical data obtained from 
the tests on the model to enable an estimate to be made, 
with a fair degree of accuracy, of the pressures, vol- 
umes, and their distribution. A further treatment of 
the theory on this subject is given in Appendix II. 

3. Holes Back of the Core. It is now believed that 
when solid enclosing end bells are used it is best to put 
in holes of such size that just about enough air will pass 
through them to cool the end windings. A method of 
computing this volume of air and combining it with the 
other air passing through the vent ducts, is subsequently 
given in Appendix III. Some of the early tests made on 
the four-pole model indicated that it was unnecessary to 
make tests with various sizes of holes or with the holes 
closed or open. It would be sufficient to make a series 
of tests just one way. Holes were drilled through the 
wooden end plates shown in Fig. 5, there being five 
holes, each 7% in. in diameter, at each of the four sides 
at both ends. Performance curves taken with these 
holes open, and with them closed by means of corks, are 
shown in Fig. 15. The curve with the holes open was 
obtained from the curve with the holes closed by adding 
the volume given by the area of the holes times the 
square root of the pressure, times the contraction co- 
efficient 0.85 and the usual constant of 4030. From 
volume distribution curves the contraction coefficient 
appears to be 0.83,* which checks very well with the 


*This “contraction coefficient” is fairly high because the plate 
was thick. Had thin plate been used the coefficient would have 
approached the usual value of about 0.62. 
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other value. In all subsequent tests these holes were 
closed as it was felt that, in any case, if the volumes 
through them were to be computed, or if allowances 
were to be made for the influence of the volumes through 
the holes upon the end bell pressure, they would be 
comparatively simple to calculate. 

4. Fans. From the beginning of the tests, com- 
parisons were made between the fan performance curves 
of pressure-volume and those fan performance curves 
previously published.’ The first work on the salient 
pole alternator was done on the four-pole rotor, and it 
was not found possible to check. For example, refer to 
Fig. 19. However, those earlier tests weremadeon fans 
in which the inner periphery was that of a cylinder, 
whereas for the four-pole model, the inner surface was 
that of a cone. The curves do not agree either in 
magnitude or in general shape. It is believed that it is 
a decided detriment to make the inside of the fan coni- 
cal, for it causes most of the air to flow adjacent to the 
supporting plate near the rotor body. There is, 
furthermore, a fairly sudden change in the performance, 
as will be noted from the pressure volume curves and 
from the fan performance and windage curves such as 
shown on this same curve sheet. Fans have been 
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Fig. 15—PressurE—VoLuME Curves Four-PoLe Rotor 


Effect of holes back of core for ventilating ends of stator coils. Alt 
curves taken with No. 1 fan and are for inner end-bell. The curve for 
“Holes Closed’’ is the mean for data taken at 1800 rev. per min. The 
points plotted for ‘‘Holes Open’ were taken at 1200 (« & ) and 1800 rev. 
per min. © The curve for ‘Holes Open” was calculated from the 
“Holes Closed’”’ curve by adding to the vol. at a given pressure 

Qholes = 0.85 X 4030 X 0.167 ¥ P 


made conical inside for four-pole machines because of 
restriction in space between the shaft and the fan. 
On the four-pole rotor the fans as they had been built 
were simulated as far as was possible. It is believed to 
be highly desirable to repeat some of these tests with fans 
that are cylindrical inside, even though it would mean 
making the fans shallow. The indications are that the 
volume of air can be increased thereby, and further- 
more, that the earlier data obtained can be applied 
directly to fans in salient pole alternators. 

On the other hand, it is interesting to note that for 
the twelve-pole rotor, the fan data agreed very nicely 
with the earlier tests. This is particularly true in the 
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ease of the No. 9 fan. A composite curve, Fig. 16, 
illustrates this quite clearly. On that sheet, two of the 
curves were for No. 8 fan, the dimensions of which are 
given on the same sheet, and that fan is not of the type 
tested earlier, whereas the other curves for No. 9 fan are 
directly comparable with the earlier tests.* It appears 
that, at the larger volumes, the fan as used in the 
alternator is slightly better than in the early set-up. 
This is believed to be partly due to the different condi- 
tions that obtain in the alternator, which probably assist 
in restoring some of the velocity head of the air, ds it 
leaves the fan tips, into static pressure. Also, the air 
_ ean pass directly in between the poles, and they prob- 
ably act to assist the fan, the air in the bell acting to 
some extent as a cushion. 

It will therefore be seen that for the four-pole model 
it was desirable to have tests on fans of various dimen- 
sions, and as will be seen from the following, a few types 
of fans were tested with the twelve-pole model. Hence, 
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F ia. 16—CoMmPaARISON OF Fan CHARACTERISTIC CURVES TWELVE- 
Poise Rotor 


All data reduced to 1000 rev. per min. 
Standard wedges 


Norma] interpolar spaces 


the fans could only partially be eliminated as an inde- 
pendent variable. 


VI. STRUCTURAL INDEPENDENT VARIABLES 


There was a total. of eleven independent variables 
which are here given in the order of their importance. 
There are other independent variables which warrant 
consideration, but owing to limited time and the pressure 
of other work, their study was not undertaken. The 
eleven variables are: (1) Numbers of poles; (2) Fans; 
(3) Numbers of vents;* (4) Wedges in stator; (5) Inter- 
polar spaces; (6) Fan seals; (7) Fan shroud rings; 
(8) Field coil braces; (9) Plateinend-bells; (10) Round 
and square pole corners; (11) Location of fans. In this 


*In reducing the early data to correspond to these data, No. 9 
fan dimensions were taken as a basis. See note on Fig. 16. 

*Owing to a few eases of slightly erratic data (such as Fig. 27) 
several tests were made with full and reduced numbers of vents; 
that is, the dimensions were not entirely eliminated as an in- 
dependent variable. 
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paper the more important and illustrative data for items 
1, 2, 3, 5, 6, 7, 9, and 10 are given. Inasmuch as some 
of these are closely associated with numbers of poles 
and fans, they will be discussed together, rather than 
separately. The general theory and methods of using 
the data are given subsequently in the Appendices. 
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Fig. 17—Fans Trstep with Four-Pote Rotor 


A. Four Poles. The four-pole rotor was tested 
first. All tests were made with standard wedges, as 
shown in Fig. 8. Tests were made without any internal 
fans, as well as with seven pairs of fans. Results of only 
three types of fans, and of no internal fans, are here- 
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Fig. 18—Pressurps—VotumMe Curves Four-Potr Rotor 


Upper curves—inner end-bell 
Lower curves—outer end-bell 
All curves at 1800 rey. per min.—fan No. 1 


with given for the sake of brevity. These three had 12 
straight blades each, inclined at 45 deg. to a tangent at 
the innermost diameter. The data not included were 
on three radial blade fans, and one set with curved 
blades terminating with forward tipped blades at the 


April 1930 


external periphery. The cross-sectional dimensions of 
the 7 fans are given in Fig. 17. 

The first fan was No. 1, for 45 deg. inclined straight 
blades, whose proportions are similar to those frequently 
used in alternators. The tests obtained showed that the 
pressure-volume curve for this fan had a peculiar dip 
in it, as indicated in Fig. 18. This dip appears also in 
the windage loss curve, Fig. 24, and it was believed that 
if the fan could be worked in the valley of the curve 
instead of on the rising part, the windage loss would be 
considerably reduced. It was also found that the fan 
performance from the earlier tests could not be checked. 
In order to meet the first conditions, namely, of securing 
more efficient fan operation, two other fans were made— 
No. 2 and No. 8—both having 45 deg. straight blades; 
No. 2 was wider than No. 1, the diameters being the 
same, and No. 3 was deeper for the same width. In 
regard to not being able to check with earlier tests, 
it appeared that it would be necessary to make tests on a 
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Fig. 19—Fan CHARACTERISTIC AND PRESSURE-VOLUME CURVES 


Four-pole rotor—1000-rev. per min.—No. 1 fan. Holes back of core 


closed. Effects of leakage 


large number of fans in order to determine which fan 
would work best, as it seemed we could not use the 
earlier data. 

Referring again to the dip in the curves, it will be 
seen from Fig. 18 that, with eleven vents, for the pres- 
sure in the external end bell to be zero, (corresponding 
nearly to the conditions in an alternator), the curve is 
worked on the rising part. With the wide fan, No. 2 
(see Fig. 20), for zero outer end bell pressure the working 
point is nearly at the dip in the curve. This volume is 
about 1.78 cu. ft./min. for 1 rev. per min., or 3200 cu. 
ft./min. for 1800 rev. per min. Fig. 21 shows that for 
this volume the windage is practically at its minimum 
value, so it would seem that a fan of these proportions 
would be suitable for a machine of the proportions that 
were used. However, had the machine been shorter, 
it would have been worked on the rising part of the 
pressure volume curve and the gain would not have been 
achieved in regard to low windage. In so far as No. 3 
fan is concerned, Fig. 22 indicates that increasing the 
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external diameter was not in the right direction. In 
this case the break with 11 ducts is beyond the range of 
this curve and occurred at about 4500 cu. ft./min. at 
1800 rev. per min. The windage curve, Fig. 23, also 
indicates that the fan was not worked at the valley as - 
desired for zero outer end bell pressure. The indications 
are that the most favorable fan is either No. 2 or No. 1, 


Fic. 20—PrressuRE—VOLUME CURVES 


Four-pole rotor—11 ducts open. Holes back of core closed. Reduced 
to 90 rev. per min. No. 2 wide 45 deg.- fans 


although it would seem that the use of plates in the end 
bell to lower the windage over a given range, as will 
subsequently be described, is somewhat helpful. 

During the tests on No. 2 fan, through a misunder- 
standing, tests were made in the reverse direction. It 
is of great interest to note that, with the fans reversed, 
considerably less pressure is needed to drive the air 
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Fra. 21—Fan Cuaracreristic aND Winpace Loss CURVES 


Four-pole rotor. 1800 rev. per min. No, 2 fan. (Wide 45 deg.) 
Holes back of core closed 


through the stator than with them running forward. 
This led to a speculation: it might be possible to 
reduce the pressure drop by terminating the blades 
radially, or, better, to curve them so that they bent 
forward at the outer diameter, as in many general 
purpose commercial centrifugal fans. As the blades 
were to be made fairly deep, it was also thought that 
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radial blades might work out satisfactorily. The 
anticipated gain by tipping the blades forward was not 
obtained, either as regards volume or windage; nor were 
radial blades quite as good as inclined blades, from the 
ventilation standpoint, although possessing the ad- 
vantage of lower stresses for wide high-speed fans. 
There is not much difference between the various curves 
in regard to the volume that was obtained in the eleven 
duct model for zero outer end bell pressure for the 
various types of fans tried. 

Before considering other data taken, the dip in the 
pressure volume and windage curves will be discussed. 
Shortly after the early tests were made, it was dis- 
covered that for volumes less than corresponded to the 
break or dip, the air was whirling inside the inner end 
bell in the same direction as the fan. At the break or 
discontinuity in the curve there was undoubtedly a 
change in the character of flow, which could be told by a 
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Four-pole rotor. Deep (No. 3) fans—1800 rev. per min. Holes back 


of core closed 


marked reduction in noise. After the break the whirl 
subsided considerably, and most of the air passed 
directly to the interpolar spaces. Therefore, the 
suggestion offered was that a plate be placed at the 
parting of each end bell, (see sketch on Fig. 24), so as to 
reduce the whirl, and thereby change the location of the 
break in the curve. This met with considerable success, 
as will be evident from an inspection of Fig. 24. The 
start of the break now begins at 2100 instead of at 3160 
cu. ft. per minute. A machine similar to this model 
can then readily be operated beyond the break in the 
curve. For the condition of the outer end bell pressure 
being zero (7. e., the approximate usual working point), 
the volume is substantially the same as before (2950 
instead of 3030 cu. ft./min.). For 2950 cu. ft., the 
inner end bell pressure has been reduced from 1.45 in. 
to 1 in. of water. 

It will also be seen that the windage loss for equal 
volumes of 2950, is reduced from 4.65 to 3.35 kw., or to 
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72 per cent of the former value. The change in fan 
characteristic, as in Fig. 24, due to the use of the plate, 
is also of interest. For the conditions under which the 
twelve pole rotor was tested, there was probably but 
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Fig. 23—WinpaGe AND Fan CHARACTERISTIC CURVES 


Four-pole rotor. 1800 rev. per min. Fan No. 3. Holes back of core 


closed 


little whirl in the end bells, as the break in the curve 
was never found; consequently, there was no improve- 
ment effected by the end-bell plates. 

An interesting conclusion is that when there is a break 
in the pressure volume curve, it occurs at substantially 
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24—PRESSURE—VOLUME, FAN CHARACTERISTIC, AND 
WINDAGE CURVES 


Four-pole rotor—1800 rev. per min. Fan No. 1. 
effect of plate in end-bell. Holes back of cores closed. 


Fig. 


Curves showing 
11 vents open 


the same volume (for a given angular velocity) irre- 
spective of the number of stator vent ducts. This will 
readily be seen from an inspection of Fig. 18, where the 
‘valley’ of the inner end bell pressure curves for both 
seven and eleven vents occurs at about 3800 cu. ft. per 
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minute. For seven vents, if the outer end bell pressure 
is zero, the volume is 2700 cu. ft./min. Referring, then, 
to Fig. 24, at 2700 cu. ft., the working point is beyond 
the break, giving lower end bell pressures. It was also 
found that if nothing be changed except the number of 
vents, (the rotor being the same as to length, etc.) the 
windage loss curve was nearly the same for seven and 
eleven vents. (See Figs. 23 and 25.) Consequently, 
read on Fig. 24 the approximate windage for seven vents 
at 2700 cu. ft., giving 3.25 kw. with plates, as compared 
with 4.48 kw. without plates, or a reduction to 72.7 
per cent. 

Tests were also made without internal fans, some 
pressure volume and windage data being plotted in 
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Fig. 25—WInpDAGE CuRVE 
Four-pole rotor—1800 rev. per min. No fans 


Figs. 12, 26, and 25. Fig. 12 was previously discussed, 
as being experimental corroboration of the form of the 
equation of the pressure volume curve, and of the agree- 
ment between experimental data when reduced to a 
common speed. It is interesting, as shown in Fig. 26, 
that for positive pressures, the outer end bell pressures 
were greater than the inner, the contrary having been 
the case with internal fans until very high pressures and 
volumes were obtained. This is necessarily so, as, 
without fans, there is the “resistance drop” from the 
entrance to the outer end bell, to the inner end bell. 
While that drop is present also with internal fans, the 
pressure generated by the fans overcomes that drop and 
adds to the inner end bell pressure. The drop can, of 
course, be reduced by enlarging the entrance passages, 
or by placing suitable guide vanes therein,’ although 
it is seldom that the gain thereby achieved is warranted. 
Without fans, for zero outer end bell pressure and 
eleven vents, the volume is 1440 cu. ft., as compared 
with 3130 cu. ft. with No. 1 fan (Fig. 18), or 46 per cent 
of the volume with fans. 

Comparing the inner end bell pressures for no fans 
and for No. 1 fans (Figs. 18 and 26), it will be seen that 
less pressure is needed without fans (thus, at 3000 cu. 
ft. the pressure is reduced from 1.46 to 1.08 in. of water) 
before the break in the curve. After the break the 
pressure is slightly less with fans. (As an example, at 
4000 cu. ft. it is 2.03 in. with fans, as compared with 
2.47 in. without them.) This is as might be expected, 
as with the whirl before the break, the resistance to 
flow is increased. There is probably some whirl without 
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fans too, though not so great as with fans below the 
break. Therefore, after the break the pressure drop has 
been very materially reduced with fans; but, as the 
whirl is still present without fans at the corresponding 
volume, there is no reduction in pressure. There were 
no tests made without fans and with the end bell plate. 

As might be expected, the windage loss is less without 
than with internal fans for the same volume. Thus, 
from Fig. 19 and Fig. 25, at 3000 cu. ft./min., the 
windage is reduced from 4.62 kw. (without plates in end 
bells) to 2.57 kw. With plates, at the same volume, the 
windage is reduced from 3.38 to 2.57 kw. Attempts 
were made to compare the internal fan efficiencies with 
those of the earlier tests for both four-pole and twelve- 
pole rotors. Such attempts met with failure even for 
twelve poles, for which the fan characteristic pressure 
volume curves agreed fairly well with the earlier data. 
The fan efficiencies were determined from the fan power 
output divided by the difference between the windage 
with and without fans, and was generally much higher 
than from the earlier tests. In some cases, for the 
twelve pole model, peak efficiencies as high as 90 per 
cent were obtained. This is, of course, absurd. It is 
believed that much of the velocity head at discharge 
from the fans is not lost; that is, that the air moves into 
the interpolar spaces at fairly high velocities, and the 
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Fic. 26—PRressuRE—V OLUME CURVES 


Four-pole rotor. 1800 rev. per min, No fans on rotor 
Note: Pressures in inner end-bell are lower than in outer 


kinetic energy in the streams as they leave the fan tips 
is largely the same kinetic energy in the axially-moving 
streams in the interpolar spaces and air gap. Consider- 
ing the fan separate from the rotor, (as was done in the 
foregoing method of calculating the fan efficiency from 
the windage with and without fans), the kinetic energy 
(velocity head) is charged twice, which, according to the 
theory advanced of only partial loss of kinetic energy, 
is incorrect. It would seem that external fans are 
usually more efficient than internal, considering each 
as units, but it is believed that as the internal fan and 
rotor act as a unit in which much of the kinetic energy 
of discharge from the former is used in the latter (which 
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is not the case with external fans and no internal fans) 
the combination with internal fans may, in many cases, 
prove to be more efficient from the standpoint of power 
consumed in windage. 

Four-Pole Volume Distribution Curves. ‘As was pre- 
viously explained, the volume distribution curves were 
taken with a rotating vane anemometer, each reading 
being for one-half minute, and the average of 11 
readings at a given axial position, suitably corrected, 
gave one point on each of the curves. Owing to 
irregularities in the vent ducts, these points do not 
all fall on smooth curves, and for the four-pole model, 
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Fig. 27—VouuME DIstRIBUTION CURVES 


Four-pole rotor. Conditions that were same for all 3 curves 
1. Internal fans—No. 1 (45 deg.) 

2. Speed = 1800 rev. per min. 

3. Holes back of core closed 

4, End-bell pressure (nearly) 


the drawn-in curves were those obtained with the 


The form of the 


b x? 


ald of the method of least squares. 


equation used was oem Here, a is the 


y max 

maximum ordinate at the middle, and x is the dis- 
tance from the middle (duct No. 6). In the tables on 
each volume distribution curve sheet are values of 
a 
a obtained by the least square method. 


The three curves in Fig. 27 are for No. 1 fan. The 
end bell pressures for all three were substantially the 
same. The lower curve for eleven ducts was taken at a 
point on the pressure volume curve before the break 
(Fig. 18), and the upper curve after the break. The 
area under each curve is proportional to the volume 
per unit of time, and, therefore, there was more air 
flowing when the upper curve was taken than for the 
lower curve. According to previous statements, the 
curve for seven ducts should coincide with that for 
eleven ducts, but there are departures in this case, the 
seven-duct curve being flatter. Considering the com- 
plexity of the phenomenon and the inaccuracies of 
measurement by anemometer, very close agreement 
cannot be expected. It is believed that the assumption 
made and used in the subsequent mathematical treat- 
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ment of the coincidence of the distribution curves is 
justified, especially since great accuracy in ventilation 
calculations is unnecessary. 

The two upper curves in Fig. 28 were taken with and 
without the plate in the end-bells for nearly the same 
volume, but with pressures of 0.70 and 1.30 in. respec- 
tively. This is a confirmation of the gain to be effected 
when there is a break in the curve, and as shown in Fig. 
24. The lowest curve was taken without internal fans 
with zero end bell pressure, corresponding to the condi- 
tion of open or no end-bells. The corresponding curve 
with nearly zero end bell pressure, but with fans, is 
shown by the intermediate curve, indicating that the 
fans are helpful even though the terminal pressures 
axially are atmospheric (zero for reference). It would 
seem that the velocity head of the air discharged from 
the fans is partially helpful in sending air into the 


a 
The ratio rs is a measure of the 


interpolar spaces. 
“flatness” of the curve; the larger this ratio the flatter 
the curve. Thus, in Fig. 28, the curve with fans is 
flatter than without fans (both for no end-bells), the 


a ( 
values for a being 36.3 and 24.7 respectively. 


Data for No. 2 fan are similar, and the distribution 
curves are not included. 
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Fig. 283—Votume DistrRiBUTION CURVES 
. Four-pole rotor 


In Fig. 29 volume distribution curves for No. 8 deep 
are shown. The two upper curves are interesting in 
that, for one curve there were inner shrouds on the fans, 
but not for the other. The curve taken with shrouds is 
the flatter, meaning that the volume distribution is 
more uniform, the maximum volume per vent being 
nearly the same. There was a difference in end bell 
pressure, the pressure being higher with shrouds. The 
volumes were nearly proportional to the square root 
of the end-bell pressures. It is usually considered 
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advisable to omit the shroud, as then the air entering 
between field coils is believed to be more effective in 
cooling the field coils for their full depth. As will be 
seen from the two curves taken with inner shrouds, the 


‘ 4 es 
upper one is relatively the flatter ( > 3s higher; also, 


ymin 
y max 


is higher ), This has been found to be the case 


in all experiments: other things remaining unchanged, 
the higher the pressure (and volume) the more the 
volumes per vent duct approach uniformity. This 
phenomenon can be explained with the aid of un- 
published data on discharge coefficients for bent ducts. 
This coefficient (the C, in the turbo ventilation papers) 
is the ratio of the static head difference at the inner and 
outer circumferences of the stator vents to the velocity 
head of the radially moving stream at the minimum 
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Fre. 29—Vouume DistriBpuTion CurvES 


Four-pole rotor. 1800 rey. per min. No. 3 fan (deep with 45 deg. 
blades) 


vent duct section. It was found that Cz is not a con- 
stant, but varies with the velocity of the streams. 
Thus, from the vent duct stationary model experiments, 
it was found that, with standard wedges, C2 increases 
with the radial duct velocity. That is, the radial flow 
is a little less than proportional to the square root of the 
static pressure. Consequently, as the end bell pressures 
and volumes are increased, the velocities in the vents at, 
or near, the middle of the machine do not increase so 
rapidly as those near the ends, for which latter the 
volume change is more nearly proportional to the square 
root of the pressure. 

In Fig. 30 are shown three volume distribution curves 
taken without internal fans, for nearly the same end 
bell pressure, the three curves being taken at different 
angular velocities. It will be seen at a glance that the 
lower the speed, the flatter is the distribution curve. 
This is as one would expect; for, if the curves were to be 
alike, it would imply that the end bell pressures were 
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proportional to the square of the angular velocity. 
But since in this case the end bell pressures are sub- 
stantially the same, the curve at, say, 1200 rev. per 
min., corresponds in form to one at an end bell pressure 
of 2.25 times as great for 1800 rev. per min., and we have 
previously seen that the higher the end-bell pressure, 
the flatter the curve. Another point of view is that at 
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Fig. 30—VouuME DistRIiBUTION CURVES 


Four-pole rotor. Group variable = rev. per min. 


the higher speeds the poles, acting as fans, are more 
effective in generating useful pressure to drive the air 
through the vent ducts; and that action is more effec- 
tive as the middle of the rotor is approached where the 
influence of axial flow is less. 

Fig. 31 is included largely because it affords another 
comparison of smaller number of vent ducts with the 
total vents. The data for all curves on this sheet were. 
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Fig. 31—VouumeE DistriBUTION CURVES 
Four-pole rotor 


taken without internal fans, and for the two lower 
curves the external fan was not running. Here, again, 
it will be seen that for the lower end bell pressures, the 
curves are steeper. 

Four Poles—Pressure Volume Curves with Reduced 
Number of Vents. As the stator vent duct section is 
decreased by reducing the number of vent ducts, the 
end bell pressure needed to overcome the resistance in 
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the stator is increased for the same volume. The 
increase is dependent upon the volume distribution, 
and upon the axial velocity in the interpolar spaces and 
air-gap. Mathematical analyses are given in the 
appendices, and calculated points are recorded on Figs. 
18, 22, and 26. The same constants were used in the 
equations for seven and eleven vents, but equivalent 
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Fie. 32—Scoorp Fans 


2114 in. diameter seal ring used without hoods 
20 in. diameter seal ring used with hoods 


radial vent duct velocities were different, and they were 
not given simply by decreasing the area in the stator 
vents in proportion to the number. Thus, for seven 
vents the equivalent stator section is taken as 1.8 times 
the actual. In Appendix II Equation (31) gives this 
value of R to be 1.5 — 0.5 C? where C is the ratio of 


fi 
vents in the model to the total number = eae) in this 


Fie. 33—Scoor Fans on Twetve-Pots Roror 
ease. (Note that this equation is applicable to four 
poles only, and in calculating an alternator, it is first 
necessary to reduce the number of vents to the equiva- 
lent in the model). 

B. Twelve Poles. With twelve poles the fan 
grouping consists of no fans, 45 deg. fans, and scoop 
fans. The 45-deg. fans were made similar to those 
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built before and called No. 8 fans, a sketch of which will 
be found in Fig. 16. A slightly narrower fan with the 
same blade angle but of the same external and internal 
diameters, was tried out and compared with No. 8 fan 
and found to be more satisfactory. This is called No. 9 
(see sketch in Fig. 16). The scoop fans were called No. 
11 as the one that was first tried, No. 10, was made 
incorrectly. The scoop fans are shown to scale in 
sketch, Fig. 32. In Fig. 33 they are shown mounted on 
the rotor. Pressure volume curves taken with No. 8 
fan are shown in Fig. 11. 

Owing to an error the first tests on the twelve-pole 
rotor were made with sharp pole corners, and it was 
shortly before the scoop fans were to be tried that this 
error was discovered. The corners were intended to 
imitate those of field coils which are always rounded on 


the outside. Tests were then repeated with No. 9 fan; 
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Fie. 34—Comparison or PressURE—VOLUME CURVES 


Twelve-pole rotor. No. 9 fans. 
Square pole corners excepton... .. 


All data reduced to 1000 rev. per min. 
Pressures measured in inner end-bell 


and for some other tests, such as without any fans, the 
time did not permit of repetition. All of these tests 
which were made up to the time that the pole corners 
were rounded, and some of those which were made 
immediately after, were made with standard wedges. 
For reduced interpolar spaces, the pole corners were 
rounded. 

It is believed that the composite curve, Fig. 34, is 
of considerable interest in that it combines various 
curves with and without fans, with square and rounded 
pole corners, all with standard wedges. It will be 
noted that for no fans with sharp pole corners the 
pressure volume curve is nearly the same as with No. 9 
fans with rounded pole corners. With No. 9 fans with 
sharp pole corners there is an appreciable increase in 
pressure for a given volume. Another interesting point 
to be noted from this curve is that tests were made with 
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inner and outer seals, and the combination of inner and 
outer seals. The meaning of these will readily be seen 
from the sketch. The differences are not great so far 
as inner end bell pressure is concerned. 

One of the interesting curves is Fig. 16, which is a 
composite of a great many fan curves, all on centrifugal 
type fans. There, it will be seen that the various curves 
are substantially in agreement whether they were taken 
with No. 8 fan or No. 9 fan, whether with rounded pole 
corners or square pole corners, whether with the inner or 
outer seal, and whether with or without shroud rings 
and with 7, 9, and 11 vent ducts. They also agreed 
quite well with the earlier fan tests. This latter point is 
particularly gratifying in that one can use the earlier 
data and apply them directly to salient pole alternators 
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Fig. 35—WInbDaGE Loss Curve 


Twelve-pole rotor. No. 9 fans. Seal at outer and inner periphery. 
No inner shroud—(Beyond 163/-in. dia.) Square pole corners. Data 
reduced to 1000 rev. per min. 


for eight or more poles, with fans of uniform diameters. 
A valuable point is that No. 9 fan gives substantially 
the same performance as No. 8 fan for the same 
diameters, although it is 7% in. narrower. In Fig. 35, 
points for windage for 7, 9, and 11 vents open all seem to 
-lieonthesame curve. It should be noted, however, that 
in actual machines, the one of shorter length would be 
provided with narrower fans, giving less volume, and 
therefore the windage loss would be less for the shorter 
machine. Nor should one conclude from Fig. 35 that, 
for the same volumes, the short and long machines have 
the same windage. Since more pressure is needed for a 
given volume with the short machine, the windage 
should be slightly higher. The two upper curves in 
Fig. 23 tend to bear out this statement. 

The pressure volume and windage curves for no fans 
and eleven vents are shown in Fig. 36. These curves 
were taken with square pole corners. The pressure drop 
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between the outer and inner end bells is so small that the 
two pressure-volume curves are nearly coincident. 

The volume distribution curves are summarized in 
Fig. 37, and on that same sheet their equations are given 


with the numerical values of the constants. The drawn- 
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Fig. 36—PREsSURE-VOLUME AND WINDAGE CURVES 


Twelve-pole rotor.. No fans. Square pole corners. 11 vents open. 
Data reduced to 1000 rev. per min. 


in curves are the plots of the equations, the points being 
from tests for the conditions given in the table. 

The areas between adjacent poles were reduced by 
attaching strips of wood to the pole sides. The normal 
interpolar space plus the gap area, for one end only, was 


—Cueve Prorre Feota y= | 0532-0308 X 4003/5 X" 
-—CorRvé Porrta ROTY = /¢ 0392 ROBIE X1.0/078 X* 


y- Ratarivé Viens Deer Voewrrs 


is) 


s al ra, fo 
Venr Duer Nusrser Fort Corersvé 1 (FeDkL* X 


Fig. 37—SumMary or DistTrRiBUTION CURVES 


Standard wedges with normal and with reduced interpolar spaces for 
normal case, half number of vents = 5.5 for reduced spaces, half number 
of vents = equiv. of 7.7. Maximum ordinates were not the same, but 
they are referred to unity as maximum 


42.4 sq. in., and after being reduced it was 30.3 sq. in. 
In Fig. 38, pressure-volume curves are plotted for these 
two conditions. The full-line curves are the plots for 
equations whose constants were determined from those 
two tests. The equivalent number of vents for smaller 
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interpolar spaces, in accordance with the theory in 


Appendix II, is sa 5~ = 1.4 times the normal number 


42. 
39.3 


of vents. Substituting this value of 1.4 for Cin Equation 
(22) in Appendix II, (using the values for the constants 
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Fig. 38—Errect or Repucep INTERPOLE SPACES 


Original wedges. Rounded pole corners. 11 ducts 


Centrifugal fan No. 9; inner seal. 
© Test points original interpolar space = 42.4'sq. in. 
A Test points reduced interpolar space = 30.3 sq. in. 


Twelve-pole model. 
open. 


Full lines plotted from equations intended to represent the curves. For 
both of th Vv eas ft. 
oth o ese = 085 per min. 
Lower full curve equation (42.4 sq. in.) 
P 
wees = 0.141 V? + 0.040 Vv — 0.0096 v? (1) 
Upper full curve equation (30.3 sq. in.) 
(ee 
je 0.25 V? + 0.0313 Vv — 0.00873 v? (2) 


Dotted curves plotted with the aid of volume distribution curves, obtaining 
therefrom average velocity ratio R. Equation of velocity distribuion from 
Fig. 37 was used, when R = 0.85. 

The machine with reduced interpolar spaces was equivalent to having 


42.4 ) 
30.3 
plotting curve +, Equation (1) was used. For curve X, Equation (2) 


was employed. 
@Calculated points using Equation (1) and R = 0.815 


= 1.4 times the number of vents in the original model. In 


as given in the equation y = 1 — 0.0332 x — 0.0808 2? 
+ 0.00315 x’, asin Fig. 37), the value of Risdetermined. 


ze where 
AR 
Q is the volume, and A the vent duct area at the mini- 
mum section.* With these velocities and equation 


The equivalent vent duct velocities now are => 


= 0.141 V? + 0.040 V » — 0.0096, v2, the upper 


*The velocities are always in thousands of feet per minute. 


ye 
The pressures ( P or ee 4 ) are in inches of water. 
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dotted curve on Fig. 38 was obtained. This agrees 
quite well with the test data for reduced interpolar 
spaces. By choosing a slightly lower value for R, 
practically exact agreement. is obtained.j The lower 
dotted curve was obtained in a similar manner, taking 


C= 14° and using the constants for the pressure 


equation which fitted the upper full line curve. 


As might be expected, the effect of reducing the 
interpolar spaces is to make the volume distribution 
curve more peaked. This will be clear from an inspec- 
tion of Fig. 39. The curve for reduced interpolar spaces 
can now no longer be approximated by a parabola, but 
for normal spaces, the approximation is still fairly good. 


Curves for No. 11 (scoop) fans are given in Figs. 14, 
40,41, and 42. These fans were tested with and without 
hoods. The hood is a small metal attachment to the 
main part of the blade which prevents most of the air 
escaping and helps to drive it between the poles, shown 
in Fig. 32 and Fig. 33. Tests were also made with a seal 
ring as shown in Fig. 32, the idea being to avoid leakage 
of air from the higher pressure region in the end bell 
back to the entrance. The influence of these different 
arrangements will be seen in the various curve sheets. 
It would seem that the smallest volume is obtained 
with no hoods and with the seal. The maximum volume 
was obtained with seal and with hoods, these latter 
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Fic. 39—VouumeE DistRiBUTION CURVES 


Normal and reduced interpolar spaces. 
Standard wedges 


Twelve poles. No. 9 fans. 


volumes being of the order of 1700 cu. ft. at 1000 rev. 
per min. With No. 9 fan, other things being the same, 
the volume is about 1900 cu. ft./min. It would seem, 
therefore, that from the standpoint of volume the 
centrifugal fan is to be preferred. 


{Checking back on the tests for reduced interpolar spaces or 
reduced numbers of vents, it was found that using the value of R 
obtained with use of the volume distribution equation as given in 
Fig. 37, the calculated end-bell pressures were slightly different 
from tests. It was found convenient to plot values of R against 
C, by means of which very close agreements with tests were 
secured. ' 
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With one exception, there is less cu. ft./watt windage 
with the scoop fans than with No. 9 fans. This is 
shown on Fig. 42. The one exception is the case of no 
hoods and with internal seal. It is questionable 
whether the use of scoop fans is warranted, particularly 
considering the greater complication. 

The scoop fan data are believed to be of considerable 
interest; for example, the shapes of the pressure-volume 
curves of the fans of Fig. 41. They are entirely differ- 
ent from what one usually gets from the centrifugal 
fan, and approach more nearly the more efficient 
propeller type fans. The volume distribution curve, 
Fig. 14, for seven ducts and eleven ducts, as well as 
with the three middle ducts open, namely, that there 
were eight total, show all of them to be in agreement 
provided the two halves of the eight-duct curve are 
moved toward the center. 

In laying out the scoop fan, the practise that is ordi- 
narily followed was departed from and the scoop angle 
was made 30 deg. as shown in Fig. 32. This is a con- 
siderably smaller angle than had been used prior to 
that time. However, from a study of parallelograms 
of velocities, it would seem that even this angle is 
slightly too large. Certainly it did not seem to be 
too small. 
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Fie. 40—PressureE VoLUME CURVES 


Twelve-pole rotor. No.11fans. Pressures in inner end-bell. All data 
reduced to 1000 rev. per min. For fan details refer to Figs. 32 and 33 
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DERIVATION OF THE RELATION OF VOLUME TO INNER 
END BELL PRESSURE: THE RESISTANCE EQUATION 


The form of the equation is derived by dimensional 
analysis.* According to the principles, any physical 
quantity can be expressed as a function of some funda- 
mental units, such as mass, M, length, LZ, and time, 7’, 
and these are so related as to make dimensionless 
products. In our present problem the relations be- 
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Fig. 41—FAN CHARACTERISTICS AND WINDAGE CURVE 


Twelve-pole rotor. No.1lfans. All data reduced to 1000 rev. per min. 
For fan details refer to Figs. 32 and 33. Standard wedges. Rounded 
pole corners 


tween pressure and volume per unit time, as affected 
by machine dimensions and speed will be determined. 
Consider first the pressure generated by the rotor 
acting as a fan, and the quantities entering are then:} 


Quantity Symbol Dimensions 
Pressure. 2s hon oe Ie MLo3T 
Mass density... . asc p M L-3 
Rotor diameter......... D L 
Rev. per mins o5eeoe aes N (Mee 


The product may be written as P p* D’ N’; the 
values of these exponents are to be determined. 
Expressing in terms of fundamental units, 
(MELTS) QL) 2 Ea 
Then the summation of exponents of like units 
must be equal to zero, in order that the product be 
dimensionless: 


*For excellent treatises on Dimensional Analysis see Bib- 
liography 8 and 9. 

+As the generated pressure is very small compared with the 
total pressure, the air may be considered to be incompressible. 
Also, in highly turbulent flow, viscosity has little effect. As is 
well known, the change in Reynold’s number in the region con- 
sidered has little influence upon the pressure drop, although it 
may be of sufficient moment to warrant consideration for ex- 
treme values. In this treatment, those effects are neglected. 
There are various discussions on Reynold’s number, as for 
example, Gibson’s ‘‘Hydraulies and its Applications,” 1925 ed., 
p. 49. 
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Exponents of M:1+2 = 0 
Exponents of L: —1—3x2+y=0 


Exponents of 7: — 2— z= 0 
Whence Byes lh 
y=-—2 
eee 
And PipADAw a= Tdi 
pil Boek if 1 
or, ape = Ih (1) 


Consider second the effect upon volume of the same 
quantities, D* and N. That is, simply drop P and 
substitute Q, the volume per unit time, whose dimen- 
sions are L*' J. The dimensionless product thus 


found is: Q 
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Fig. 42—REwLATIVE WINDAGE Loss CURVE 


Twelve-pole rotor. No. 11 fans. 
fan details refer to Figs. 32 and 33. 
corners 


Reduced to 1000 rev. per min. For 
Standard wedges. Rounded pole 


These two dimensionless products, JJ, and I I2, 
must evidently be related in some way to each other 
in the salient pole alternator. This relation may be 


written: 
yk 
pD?N? - (9 ae (3) 
Where ¢ denotes some function. 
Or P = pD' No ( as (4) 


If the rotor acts as a fan, the pressure is known to be 
proportional to p D? N’; so, for one term we may con- 
sider that 


# (i Sena (unl 


*The internal diameter of the stator is considered to be equal 
to the external diameter of the rotor. 
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‘Thus ) degenerates into a constant. That is, 


Q 
(snare 


iS 


for a first term, = Ky 


pie 
PDN 
For a second term, it will be remembered that the 


pressure drop is proportional to Q?. Then, the equation 
becomes: 


2 
eo Syke eee) 


For a third term, we shall imagine one between 


( —« ) and ( ac ), that is ( “Sk ),and in- 


terpret the meaning thereof subsequently. Then, if 
our assumptions are correct, 


The mass density p = et where vy is the weight 


density and g the acceleration of gravity; making this 


2 2 


substitution, and multiplying by TT 


Fin? on ()e 
Re ce 
=a os o yas. ~ + K;( rs 


(6) 
ta ; : 
aa is the well recognized form of the ‘“‘head,” and is 


dimensionally simply a length. 
D N is proportional to the peripheral velocity of the 
rotor = v. 


= is proportional to some velocity V through, say, 
the stator vent ducts at their minimum sections. Thus, 
if a percentage, %1, of the inner periphery of the stator 
be vent ducts, and another percentage, %2, of the axial 
length be equal to the vent duct length, the axial length 
being proportional to the diameter for similar machines, 


the relation of - « V follows. 


g appearing in each term on the right hand side 
simply means that those terms become velocity heads 
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if the numerators are of the second order. The equa- a 
ti th itt ; Seite 
ion may then be written as A 1.03 ( ais ) a (10) 
“Pe k V2 His Vo ys v (7) 
—= Listes pe Darcy orn 3 
Y 29 2g 29 Bae clef ak )e (11) 
af 4.03 V max 
Or in the usual system of —— in in. of water and veloci- 
Csetrnagg nti (12) 


ties in ft. per min. 
Pe qeney V max v pee) 
ig 4030 (40302 + © \ 4030) 


Here V maz. is the velocity at the middle of the machine 
and at the minimum section, where the radial velocities 
of the air are at their maximum values. When written 
thus, A is a coefficient similar to C d in the equation for 


Vy? 
2g as 


1s 
radial discharge in vent ducts: hh Cd 


given in various papers and as used in equations for 
turbo ventilation.!” 

The second term also represents pressure drop. The 
meaning is that, due to the whirl generated by the poles, 


Fia. 438 


it is more difficult for the air to enter the vent ducts 
than would be the case if the air entered from a large 
chamber in which the air was relatively stationary. 
This drop is evidently dependent upon the circum- 
ferential and radial velocities. 

The poles acting as fans generate a pressure propor- 
tional to the square of the peripheral speed. This pres- 
sure is given by the third term. The coefficient C 
is the fraction of the peripheral velocity head that 
appears as static pressure at zero volume. C is always 
negative like a negative resistance drop. 

The equation was not placed in the form given in 
(8) until a great deal of work had been done, and prior 
to that time it was in the form: 


2 
weep Siento 7 D0 (9) 


Now V is the average of the velocities in the thou- 
sands of feet per minute at the minimum section of the 
stator vents. This is given by the volume in thousands 
of cubic feet per minute divided by the minimum sec- 
tion of all vents in the model in square feet. Comparing 
Equations (8) and (9), it will readily be seen that 
if all velocities are in thousands of feet per minute, 


Va 
Here V is the ratio of the average to the maxi- 
max 


mum ordinate of the volume (or velocity) distribution 
curve. V av is the same as V in Equation (9). 


ze ei) 


bs} 
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The usual test curve, like that in Fig. 48, is eval- 
uated readily by projecting the curve back to zero 
volume, the ordinate below 0 being \ v?. Then select 
two other points such that Q2 (or V2) = 2 Q: (or 2 Vi) 
For such conditions, 


(13) 


and 


14 
20Vi ( ) 


Fig. 45 


cients from tests, \ is always negative, 2. ¢., the sign for 
the \ v? term must be changed. 

The final check on the correctness of the form of 
Equation (8) or (9) is that it agrees with experimental 
results in most cases. For a few cases the curve is of 
peculiar form, as in Fig. 44, and an equation of the form 
of (8) or (9) cannot be fitted in. Then the curve is 
approximately fitted in. An explanation of the peculiar 
shape is that the radial velocities in the vent ducts are 
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not necessarily proportional to the square root of the 
difference in static pressure between the air in the air- 
gap and the exterior. When one considers the great 
complexities of the phenomenon and the very simple 
manner in which the form of the equation was obtained, 
the likelihood of the equation’s being accurate for all 
conditions is precluded. For the most part the agree- 
ments between the form of the equation and test are so 
close as to leave no doubt in one’s mind that the form 
is usually correct. 

Another striking instance of departure is indicated 
in Fig. 45. The curve is of the form as given in the 
equation, up to the break, which is at a high point. 
The irregularity was found only for four-pole rotors 
and then only when 45-deg. fans were used. All those 


Vawnt FER Dver oR 


fans were conical at the inner periphery, and time did 
not permit running with fans that were otherwise simi- 
lar, but were cylindrical inside. It was apparent that 
the air moved in a spiral (whirl) in the end-bells below 
the break in the curve, and above the break, it no longer 
whirled, but flowed directly into the interpolar spaces, 
thereby reducing some of the loss. A study of Fig. 24 
for conditions with and without a plate in the end-bell 
to break up the whirl bear out the above statements. 
Evidently when the character of flow is completely 
changed, one cannot expect the equation, based upon 
very simple assumptions, to agree with the facts 
throughout. 

It is often useful to determine what volume will 
flow when there is a known end bell pressure. For 
example, there may be definite pressure drops, as in a 
cooler or external ducts, or say before the air reaches 
the end-bells; or an external fan may be used which 
generates a definite pressure. Equation (9) or (8) 
may then be solved for V: 


poner Ee) yy 


‘3 
Here the end bell pressure head re: is negative if it 


represents a resistance drop, and is positive if it is a 
supplied pressure head, and is in inches of water. A 
is always negative. Knowing V, with the use of 
methods given in Appendix II, the volume may be 
found. 
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Appendix II 


EFFECT OF AXIAL LENGTHS AND INTERPOLAR AREAS 
UPON VOLUME DISTRIBUTION AND END BELL 
PRESSURE 

If machines are similar, all parts are proportional 
one to the other. It is seldom that such is the case, 
and the data obtained from tests on the model must be 
applied to machines which depart considerably from 
being similar. 

For many machines the shape of the volume distri- 
bution curves is like that shown in Fig. 46. This 
curve is nearly that of a cosine with the reference axis 
at the middle. It may conveniently be represented by 
an equation of a parabola of the form: 

y=a—bxr (16) 

Here a is the same as ymax. Evidently the equation 
may also be written as: 

y Os 


Y max 1— eae (17) 


It was found that for some constructions the shape 
of the distribution curve was about like that indicated 
in Fig. 47. Curves of form like Fig. 47 may conve- 
niently be represented by an equation of the form: 


=] ae AK ee ee (18) 


Y max 

In this equation A, B, and E are constants, the values 

of which are determined from the test data, and at 
least one of these is negative. 


Vat, Fer Unir Tiat FR Duer 
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These same volume distribution curves apply also to 
short machines which are similar to those of greater 
length except that the ends of the machine are removed. 
Thus, in Fig. 46, if J is the length of a particular machine, 
and the length of another machine which is similar 
except for length is cl, then the distribution of the 
shorter machine is that included between the limits of 

cl cl 
ahaoe and + > 
end bell pressures are the same for the same speed. 
The same statement holds if the speed of one is then 
changed, provided the ordinates of the distribution 


This statement holds only if the 


curves are plotted on the basis of Y » thus making 


MAX 


the maximum ordinate unity in any case. 
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If in a given machine, with the volume distribution 
still plotted on a basis of unity for the maximum ordi- 
nate, the end bell pressure is changed, the shape of the 
curve changes also. The lower the end-bell pressure, 
the faster the curve drops off. Similarly, by keeping 
the end bell pressure the same, and changing the angular 
velocity, the distribution changes, dropping off faster, 
the higher the rev. per min. In order that the distri- 
bution be unchanged, the end-bell pressure should be 
proportional to the square of the rev. per min. 

It is manifestly impossible for engineering calcula- 
tions to take account of the change in volume distri- 
bution with end bell pressure. Admittedly errors may 
occur in calculations, owing to the incorrect choice of 
constants in Equation (17) or (18). A study of experi- 
mental data from models should enable the engineer 
to select suitable values. 

Referring again to Equation (17) and Fig. 46 the 
average ordinate is: 


ibe 


Area A 
l a 


o) da 


fa 


b 
oy (a) 
Over length C the average ordinate is: 
ee se i 
» 3 a ( ) 


And the ratio of average velocities in the model of 
length c J to the average velocities in the model of length 
l, for the same maximum velocities, is: 


ni b cl \2 
i) eee 


; 3 
R = av. vel. ratio = : 7 b ; ) 
3 a 2 
By a similar procedure as applied to equation of the 
form of (18) it is found that 


Lye ale b Vicreetay( Shs) 
ai Bf y+ (—-) 


(22) 


(21) 


Pets 


Regd (ak 


In the foregoing J is the total length of the model. 
From the ventilation standpoint, the model corre- 
sponds to a long machine. Now, choose another length 
of model cl, such that the model will be similar to the 
machine whose ventilation is to be determined. Then 
the distribution of volumes in the model of length ¢/ 
will be the same as in the alternator, taking the model 
and machine length to be 100 per cent each, and the 
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maximum volume to be 100 per cent for both, and 
neglecting the influence of departure of end bell pressure 
from that upon which the model volume distribution 
was based. Then, the ratio of the average velocity in 
the radial ducts to the ingoing axial velocity between 
field coils, etc., should be the same for the model of 
length cl as for the alternator. Using subscripts a for 
the alternator and m for the model, and letting v, and 
Um be the entrance axial velocities and V a and V m the 
radial duct velocities, then according to the above, if 
the two are similar, 


Va Um 


Va. .Vm 


Let Fa and F m represent the axial entrance areas 
between field coils plus air-gap, and A a and Am the 
areas in the stator vent ducts at their minimum sec- 
tions. Then, since the total volumes entering axially 
must equal those discharged radially, 


(23) 


Qa =Fave=H=AGVa (24) 
and Qm=FmMIm=AmVm (25) 
From (23), (24), and (25) 
Aa Am 
Fa Fm Aza 


That is, the model is similar to the alternator if these 
ratios of areas in the two cases are the same. The axial 
areas F a and F m are taken as the sum of the areas 
between adjacent field coils plus the air gap. The 
question then is, what number of vent ducts in the 
model will make it similar to the alternator? For this, 
the area of the stator vents is determined, and the 
equation combined with the foregoing. 

The stator area is: 


A=NW TS, (27) 
Here 
N = number of vents axially 

W = width of one vent axially 


T = minimum tooth width (tangentially) 


In the usual ease this is the width of the tooth at the 
diameter of the wedges— (finger thickness + wedge 
projections). 


Sie 


(Subscripts a for alternator and m for model were 
omitted.) 

Substituting back in (26), and solving for the number 
of vents in the model which will make it similar to the 
alternator, 


number of slots (or teeth). 


NaWaTa Sa Fm _ Fm Aa 
Nom = WmTmSmFa WmTmSm Fa 
(28) 


N mis that number of vent ducts in the model which 
makes it similar to the alternator. Let N mt be the 
total number of vents in the model = 11. Then the 


570 


length of the model is J and that length which makes it 


similar to the machine is cl. Hence 
GES ik Ne 
l N mt if 
Substituting in (28) 
Fm Aa il 
Cis (30) 


WmTmSm’ Fa’ Nmt 


The value of R corresponding to C may then be deter- 
mined by substituting in Equation (21) for four poles; 


SAME (Tek. Vie. 


(Vaz, for (/ Devers 


or it may be read directly from a suitable curve. For 
b 
four poles, em 0.033 approximately, and then from 
Equation (21), 
1 x .088 ( C° 
Tg Oe x 9 x 


R= = 1.50 — 0.50 C? 


1— = x 0388 x (5) 


(31) 


For example, for the four-pole model, the ratio of 
average velocities with seven ducts to average velocities 


, it i 
with eleven ducts ( C= 17 0.6386 ) rf Nae Ws idee ae U5 
< 0.636 = 1.30. That is, with the shorter model the 
average velocity was about 30 per cent higher than for 
the full length model, for the same maximum duct 
velocity; or, for the same average velocity, the maximum 


velocity for the short model is a = (.77 times the 
maximum for the full length model. 

These statements are illustrated in Figs. 48 and 49. 
The pressure needed to drive the air through the vent 
ducts is evidently dependent upon the maximum 
velocity. Dividing the volume by the stator minimum 
vent area for all vents open gives the average velocity. 


In Fig. 48 the maximum velocity = V max = 


Aa 
Max. ord. 


The coefficients obtained from tests 
av. ord. 


on the model are for the model with eleven vents. We 
must then place. the velocities on the basis of that 
number of vents. The equivalent of this velocity is 
obtained by dividing the average velocity by R, as 


FECHHEIMER: VENTILATION OF SALIENT-POLE ALTERNATORS 


Transactions A. I. E. E. 


average velocity for n ducts 


= “Gverage velocity for 1T ducts 10" wne/eame ian 


velocity (see Fig. 48). That is, 


Q 
AaR 32) 

Thus, V equivalent is the velocity with n ducts in the 
model that is equivalent to eleven ducts in the model, 


V equiv. = 


the average being given by ~. This V equivalent is 


the V in Equation (9) in Appendix 1. We now have 
given all the means for determining the end bell pres- 
sure, without allowing for external variable drops or for 
parallel paths. Those will be covered in Appendix 3. 
It is important that the machine be not so long as to 
cause the volumes (or velocities) in the end vents to be 
too low to provide suitable cooling. If the volume 
distribution cannot be approximated by a simple 
parabola, Equation (18) or a suitable curve plotted 
therefrom, may be used. 
For four poles, take 
q min b ( Bere ) 


q max a Cy) 


b 
The value of Pe of 0.033 used for determination of C 


for calculating R is that value which gives close agree- 

ment between calculations and test for end bell pres- 

sure. For substitution in (33) that value is usually 

too low, and it would be preferable to select the value of 
b 


| 3s given on the curve sheets. 


Tex. Vg. foal Lucrs 
a FOR 7 LTS 
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The reason why the shape of the volume distribution 
curve approaches a cosine has been previously ex- 
plained.'? In the salient pole alternator somewhat 
similar conditions to the turbo alternator obtain, but 
here complications are caused by the fanning action 
of the rotor, and the losses are necessarily different. 
A simple explanation is here offered for the general 
shape of the curve. 

In a long machine the air enters axially (between 
field coils and in the air-gap) at fairly high velocity. 
As it passes the first stator vent duct a little air is dis- 
charged through the vent due to excess of pressure in 
the axially moving air above that at the rear of the 
stator core. This abstraction reduces the axially 
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moving volume, and therefore the axial velocity is 
lowered slightly. The kinetic energy per unit volume 
is lowered by the difference in the squares of the axial 
velocities, and some of that loss in kinetic energy is 
converted to potential energy by increasing the static 
pressure. When the second vent duct is reached the 
increased static pressure causes an increase in radial 
flow above that for the first vent, and that outward 
flow causes a further reduction in axial volume, velocity, 
and in kinetic energy. Therefore the potential energy 
per unit volume (or static pressure) is again increased, 
and the flow in the third vent is augmented, etc. The 
relation between kinetic and potential energies is 
covered by Bernoulli’s equation: 


Pi vy? po 0? 
aya + 


i, ov a + losses from 1 to 2 


= Total Head = Constant. 


The difficulties lie in the determination of the losses.* 

It is believed that an explanation of the shape of the 
volume distribution curve like Fig. 47 may be of in- 
terest. The radial velocities increase with decreasing 
axial velocities so long as the gain in static pressure 
from one vent to the next exceeds the loss of head by 
eddies, and friction. When these two are equal there 
is no net increase in static pressure, and the outward 
flow remains the same. That is why with standard 
wedges and with great lengths the curve tends to 
flatten near the ends. With the four-pole rotor, the 
pole corners were sharp and the air contracted just after 
entering, and subsequently there was an enlargement. 
With the contraction the velocity increased, the static 
pressure decreased, and the end duct velocities in some 
cases tended to be zero. The earlier data with twelve 
poles were taken with square pole edges, but later with 
rounded corners. 


Appendix IIT 


COMPUTATION OF VOLUMES THROUGH HOLES BACK 
OF CoRE, FANS, AND EXTERNAL PRESSURE DROPS 


1. Proportions of fans not given. 
A. Volumes through holes back of the core with solid end 
bells. 

It is often advisable to provide holes of suitable 
size back of the core through which enough air for 
cooling the end windings may flow. A method for 
determining the proportions of that part of the air 
circuit follows: 

Calculate the losses in the end windings, and allow a 
suitable volume per kilowatt loss—(Thus, for 100 cu. 
ft. per min. per kw., the air temperature rise is eT 
deg. cent.) 


*Mr. Sterling Beckwith has obtained a solution in which the 
various losses and variations in vent duct coefficients are allowed 
for. His solution and comparisons with experimental data were 
presented as a thesis for his Master’s degree at the University of 
Pittsburgh. 
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Let A, = area of the holes back of the core at one 
end (in sq. in.), and let k = coefficient of discharge 
through them.* The air which passes through the holes 
for both ends = 


2k A, X 4030 V/P 
144 
Here P is the pressure in in. of water in the end bell 


above the pressure back of the core where the air 
discharges. 


Q ends = (34) 


a Q ends 
«56K VP 


B. Calculation of fans. 
Deduct the air volume for the ends from the total 
volume: 


Then An (35) 


Q = Q total — Q ends (36) 

The end bell pressure P in inches of water needed to 
drive the air through the interpolar spaces and stator 
teeth and core was determined by means of Equation 
(9) in Appendix (1): 

P=av?+BV0+ (9) 

Before entering the fans, and after having been dis- 
charged from the stator vents, the air encounters 
resistance, and thereby a drop in pressure. Also, at 
times external ducts are used, and in a few cases an 
external cooler is employed. All these produce addi- 
tional drops. Calling the sum of all such drops p, the 
total pressure is: 

P-total,= P--+- p (37) 

From the tests on the twelve-pole salient pole alter- 
nator model, the fan pressure-volume curves were sub- 
stantially the same as for the earlier tests.° For the 
four-pole rotor there was disagreement, and for four- 
pole machines it would be best to use the fan data as 
given in the curve sheet in this paper. 

Having decided upon the particular fan and its curve, 
and upon the approximate diameters of the fan (to 
suit the particular alternator), then reduce P total 
from (37) to the corresponding pressure of the model 
fan. : 


model fan periph. vel 
machine fan periph. vel 
(38) 
Then read off the model fan curve the volume (Q 


model fan) corresponding to P model fan.. The width 
of one fan for the machine then is: 


P model fan = P total < ( 


(Per vel. x dia. x width) of model fan 
(Per. vel. x dia.) of machine fan 


-Q total 
2 x Q model fan 


Il. Estimate if the Proportions throughout are given. 
For this case proceed as follows: 


*The value of k may be taken from 0.62 to 0.84, the former 
being for holes in thin plate without guides, and the latter for 
holes in say fairly thick castings with guides, such as the inner 
surface of an end bell, leading to the holes. 
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(1) Calculate and plot the machine end bell pres- 
sure-volume from Equation (9) in Appendix I. Curve 
1 in Fig. 50. 

(2) Calculate for various end bell pressures, the 
volumes of air that escape through the holes back of the 
core, by Equation (34). Plot as curve 3 in Fig. 50. 

(3) Estimate the fan pressure-volume curve from 
data on a similar fan. Plot as curve 2 in Fig. 50. 

(4) Add abscissas for given ordinates for curves (1) 
and (8). This plotted as (4) and is the total volume 
corresponding to the end bell pressure. If there is 
negligible external resistance, the intersection of curves 
(4) and (2) is the working point. 

(5) With appreciable external resistance, calculate 
curve (5), taking the external pressure drop to be pro- 
portional to the square of the volume. 
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- (6) Add pressures for given values of abscissas on 
(5) to those on (4) and obtain the total resistance curve 
(6). 

(7) The intersection of curves (2) and (6) is then 
the working point. 


Appendix IV 


PARABOLIC DISTRIBUTION EQUATIONS AND THE METHOD 
OF LEAST SQUARES 


For some cases, as for four poles, the distribution of 
volumes axially is considered to be that of a parabola, 
of the form of: 


y=a-—bx# (40) 


The experimental data did not always lie on a smooth 
curve, and the “method of least squares’’ was used to 
evaluate a and b in the above equation, thereby giving 
due weight to the value of each point on the curve. 
The method as used was taken from Steinmetz’s ‘‘Engi- 
neering Mathematics.’’ Space will be given here only 
to the manner in which the test data were finally used. 


Take first the case of eleven ducts open, the number 
of the central duct being 0, the first to left = — 1, the 
first to the right +1, etc. The ordinates for each 
vent are y, and Ly = sum of all eleven ordinates. x? y 
= square of vent duct number x ordinate, and x? y 
= sum for all eleven vents. Then the values of the 
constants are for eleven vents: 


10 Dy— Lay 


bes 858 


(41) 
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dy + 1106 
11 


Mean ordinate = a — 10.086 (43) 
b is always positive, but the second quantity in 
Equation (40) is negative. 
When seven ducts were used, the equations are: 


a= (42) 


AbDy— DLixty 
b= ME Se (44) 
p> 28 b 
g- ES (45) 
Mean ordinate = a — 4.08 b (46) 


The values of mean ordinates thus calculated checked 
with those obtained by averaging the individual test 
values. 

In all cases a is the maximum ordinate, and the curve 


b 
is defined, if a is known. 
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Discussion 


Sterling Beckwith: Mr. Fechheimer has covered fully the 
question of just when the ventilation paths of two alternators are 
‘“‘similar.”” However, a concrete picture of ‘‘similarity” of 
ventilation paths might be added, which picture it would be well 
for every one interested in the design of salient-pole machines to 
keep in mind. If an ordinary lawn sprinkler, made of a six foot 
length of perforated brass pipe, with one end closed, and the 
other end connected to an ordinary garden hose, is observed 
closely, it will be seen that the jets of water farther away from 
the hose end of the sprinkler have more force than the jets nearer 
the hose end. This difference.in strength is the more pronounced, 
the longer the sprinkler pipe, or the larger the perforations: 
in other words, it is dependent on the ratio of the area of the 
perforations to the area of the pipe. In a salient-pole machine, 
the perforations correspond to the vent ducts, and the pipe 
corresponds to the air-gap plus the space between the poles, the 
outer end of the sprinkler being considered as the middle of the | 
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machine. The mechanical constructions are vastly different, 
but the air, or water, flow conditions are the same, and in both 
cases the designer must see that he has the proper ratio of areas, 
or he will get unequal flow through the vent ducts, or the perfora- 
tions, as the case may be. Thus, a salient-pole machine with 
large air-gap, and large spaces between poles, may be safely built 
much longer than the same machine with small air-gap and more 
copper on the poles, the question of safety being a question of 
getting enough air through the end vents; and changes in the 
ratio of slot width to tooth pitch may affect ventilation seriously 
on two otherwise similar machines, regardless of what fans are 
used. 

As pointed out by Mr. Fechheimer, a parabola, opening 
downward, and with its origin displaced upwards a distance 
equal to the maximum air velocity, can be used to represent a 
curve of vent duct air velocities (plotted vertically), against 
axial distance from the center of the machine (plotted hori- 
zontally). The equation for this type of curve is y = a — b 2’. 
Mr. Fechheimer states that this form of equation does not hold 
for very long machines. He might add, however, that it holds 
for the center portion of machines of any length, but only from 
the center line of the machine out to a point where the vent duct 
velocity is approximately half that at the middle of the machine. 
Beyond this point the curve does not drop to zero, as the para- 
bolic form of curve would indicate, but flattens out until it 
becomes horizontal. 

Neglecting losses, the theoretical distribution curve is a cosine 
curve, which, in the region where the losses are relatively unim- 
portant, can be represented by the parabola just described. 
This cosine curve was obtained as a solution of the second order 
differential equation of hydraulic equilibrium. If the losses are 
taken into account, a much more complicated differential equa- 
tion for hydraulic equilibrium is obtained, but, by resorting to 
graphical integration, solutions can be obtained for any given 
set of constants. The losses to be considered may be lumped 
together in any convenient way. The method suggested is to 
consider: (1) the friction loss; (2) the loss due to sudden changes 
in axial velocity, occurring where the air is led off the air-gap by 
the vent ducts, (the same type of loss that occurs in water pipes 
where the pipe cross section changes); (38) the loss as the air 
turns a corner from the air-gap, and passes out the vent ducts. 
These losses must be expressed as functions of the gap air 
velocity and the machine dimensions. The first two losses are 
obtainable, approximately, from a text book on liquid flow, but 
the third loss is best obtained empirically, from special tests. 
The differential equation of hydraulic equilibrium is obtained by 
substituting the above losses in Berboulli’s equation, and differ- 
entiating. There is not the space to here present the actual 
solving of the steps outlined above. However, the complete 
solution has been carried out for several machines, and the 
results check very well with test. 

Mr. Fechheimer’s paper is both a source book and a design 
manual on the subject of air flow in salient-pole alternators. Its 
completeness is characteristic, and it will, without doubt, become 
the recognized authority on this subject, as his previous papers 
have been on their subjects of centrifugal fan design, and turbo 
alternator ventilation. 

F.W. Gay: I think we are all very grateful to the many large 
corporations that have freely presented at this convention a vast 
store of information obtained at great cost. A new record has 
undoubtedly been established for the volume of such information 
presented to any convention. The data which Mr. Fechheimer 
has laid before us should be of substantial assistance to machine 
designers, although I do not agree with him at all on how to cool 
large machine stators. 


Twenty-five years ago a few hundred cubie feet of air per 
minute would cool the largest machine, and this air in its entire 
journey through the machine traveled not more than a few feet. 
In a modern large turbo generator a hundred thousand eubie feet 
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per minute may have to be circulated and each unit of air so 
circulated may have to travel 30 or 40 feet in its journey from the 
cooler to the hot spot and back again. 

Heat is a giant that has demonstrated its ability to do the work 
of the world and it does not seem appropriate to use a very 
appreciable part of the power output of the generator to assist 
heat in making its exit from the machine. If the heat is given 
half a chance it can come out ‘‘under its own steam.” 

A study of large stators and particularly turbo generator 
stators will show that a very large part of the volume of these 
stators is occupied by air passages. I would suggest that in these 
air passages a plurality of vaporization coolers be mounted and 
that the circulating air be led successively past a hot machine 
part and a vaporization cooler. A unit of air might easily be 
guided against a hot machine spot and a vaporization cooler 
twenty or thirty times in succession during a single circuit 
through the machine. I propose to pump to each such vaporiza- 
tion cooler an excess supply of liquid carbon dioxide drawn from a 
earbon dioxide condenser located in the condenser cooling water 
circuit and conduct the carbon dioxide gas back to the condenser 
to be cooled and condensed. 

Each pound of carbon dioxide so circulated will carry approxi- 
mately 150B. t. u.’s to the condenser and the cooling carbon dioxide 
fluid, if it is kept saturated, will not increase in temperature 
materially above the condenser temperature at any point in its 
circulatory path. The circulating carbon dioxide will absorb 
large quantities of heat in the stator upon vaporizing and will . 
give up this heat to the circulating water by condensing and will 
do this at substantially constant temperatures. The pump 
required to circulate the carbon dioxide will receive the liquid at 
the condenser temperature and deliver the liquid to the machine 
at a pressure only a relatively few pounds higher. A ten-hp. 
motor will deliver all the carbon dioxide required by a 
100,000-kw. machine. 

The described method of cooling requires the circulation of a 
relatively small volume of air per minute and hence relatively 
low velocities may be used so that the power consumed by the air 
blowers will only be a very few per cent of that required by the 
present method. 

In the proposed method substantially no heat is carried from 
the machine by the circulating air, the air merely acts to conduct 
the heat from an inaccessible part of the machine to a vaporiza- 
tion cooler (a distance of only a few inches). All the heat is 
carried from the machine by the carbon dioxide. 

It may be of interest to know that if all the heat is carried from 
a modern large turbo machine of say 100,000-kw., by air current, 
a cross section of the air duct required to carry this air is on the 
order of 20 to 40 sq. ft. If all the heat is carried from this same 
machine by gassifying liquid carbon dioxide, a 3-in. diameter pipe 
will carry the necessary carbon dioxide into the machine and a 
3-in. diameter pipe will carry the carbon dioxide gas to the 
condenser. 

It is to be noted that the modern designer in order to hold down 
the volume of circulating air to even its present enormous volume 
has allowed each unit volume of air to carry a maximum load of 
heat, that is, the circulating air is allowed to get very hot. It 
may rise in-excess of 50 deg. fahr. This necessary high tempera- 
ture reduces the efficiency of the air as a cooling medium. On 
the other hand, the temperature rise of the carbon dioxide fluid in 
its circulation through the machine need not be as much as 
5 deg. fahr. 

G. W. Penney: The difficulties involved in calculating the 
flow of air are seldom appreciated by one who has not attempted 
to solve problems of this type. Probably the most serious diffi- 
culty in such calculations is that the flow is determined by a 
combination of inertia and viscosity forces. The inertia forces 
are usually very large compared to the viscosity forces, but a 
viscous force of only a fraction of a per cent of the inertia forces 
may be the cause of eddies which completely alter the type of flow 
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and may easily double the total resistance to flow. Under such 
conditions exact calculations of the flow air starting from the 
fundamental laws of mechanics are almost hopeless in most eases. 

Because of this turbulent nature of the flow of a gas most of our 
calculations are based on the performance of geometrically 
similar shapes tested at a gas velocity to give a comparable 
Reynold’s number so that. the type of flow will be similar. In 
the case of the flow of air through a long duct the path of the air 
is fairly definite and we have enough tests on the pressure drop 
through straight pipes, bends, enlargements, etc., so that the 
resistance to flow can be very closely approximated from data 
which may be regarded as fairly fundamental. 

Unfortunately the flow of air in the salient-pole alternator is 
not comparable to the flow ina long duct. The exact path of the 
air going from the fan to the space between the poles and thence 
to the vent ducts is very uncertain. The flow through the vent 
duet is further complicated by the pulsations produced by the 
poles, a pulsation in the flow occurring every time a pole passes 
a duct as shown in Fig. 10. 

To obtain any accurate solution for the flow of air in a salient- 
pole alternator starting from the fundamental laws of mechanics 
seems almost hopeless considering the complications involved. 
Furthermore, to be useful for engineering purposes a calculation 
must be simple. Therefore the method used by Mr. Fechheimer 
of predicting the flow through a machine based on tests on 
geometrically similar models imitating the major variables of 
’ machines is of great practical value, even though as Mr. Fech- 
heimer points out such a solution cannot be expected to be accu- 
rate in every detail and for all conditions. 


Using the type of analysis discussed by Mr. Fechheimer the 
tests can be used to predict the effect of many changes in the 
ventilating system and also extended to many eases of hydrogen 
cooling. In the case of hydrogen the type of flow at a given 
velocity may be different from that in air because of the higher 
kinematic viscosity of hydrogen. However, the type of flow 
will be the same at the same Reynold’s number so that tests at a 
low velocity in air can be used to study the type of flow at a 
higher velocity but the same Reynold’s number in hydrogen. 


S. L. Henderson: There is one question I should like to ask 
Mr. Fechheimer. In describing Fig. 39, where the interpolar 
space was reduced, he said the curve was not parabolic because it 
imitated an increased length in the machine. I didn’t quite see 
that. It would seem to me it would imitate a machine with a 
large number of poles. I may have got his statement wrong. 


B. L. Barns: It appears to me that the data Mr. Fechheimer 
has given apply only to horizontal shaft machines which 
are arranged to take in air at both ends of the rotor and 
my experience leads me to believe that much different results 
would be obtained if similar tests were carried out on the ventila- 
tion of vertical-shaft waterwheel-driven alternators. Nearly all 
machines of this type are arranged to receive cooling air from a 
pit or chamber underneath and therefore the distribution of the 
air pressures in the air-gap and through the air passages would be 
quite different from that shown in Mr. Fechheimer’s paper. Nor 
do I believe that it is possible to be guided entirely by test results 
on one particular vertical shaft machine in attempting to pre- 
determine what will happen in the ventilation of another machine. 
I might cite an illustration or two. A recent test on a large 
vertical shaft alternator showed that the best distribution of the 
air through the stator core and over the ends of the stator wind- 
ings resulted from the installation of ordinary straight blade fans 
at the top of the rotor. In another case tests showed that the 
best results were obtained with similar fan blades at the bottom 
of the rotor. In each ease the fans were added to increase the 
circulation of air about the end windings, and the best results 
were obtained by the omission of shrouds for enclosing the fans 
and end windings. Personally, I believe that where it is per- 
missible, shrouds should be omitted in order to make the windings 
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more accessible for cleaning and maintenance even though a 
slight sacrifice in efficiency is made. 

As I have said, the data which Mr. Fechheimer has presented 
are of real value in studying the ventilation of horizontal shaft 
machines, but I feel that they are not wholly applicable to 
vertical shaft alternators. 

C. J. Fechheimer: I am indeed appreciative of the kind 
remarks that have been made by several men who have been good 
enough to participate in the discussion of this paper. I am very 
grateful to Mr. Beckwith, who was one of my assistants on this 
work and subsequently wrote a thesis for his master’s degree 
along the lines that he indicated in his discussion in which he 
solved certain differential equations for the distribution of air 
volume. 


I thank Mr. Gay for reminding me of some old-time machines. 
I think what he had in mind in this particular case was not a 
salient-pole alternator but a turbo alternator in which the air was 
discharged upward, as I remember it, through the two halves. 
I believe if we were to analyze the scheme that Mr. Gay suggests 
of putting in tubes at various intervals, we should find it ex- 
tremely difficult mechanically, from a practical standpoint, 
although I have not, of course, investigated that particular 
scheme. There is this possibility of keeping the temperature 
rise of the air down to lower limits. 


In general the whole thermal problem has been analyzed and 
we know what the temperature rises of the different parts are 
when the air is going through the machines, and it is not nearly 
so bad as Mr. Gay seems to think. In the ordinary salient-pole 
alternator the temperature rise of the air is of the order of 17 or 
18 deg. cent., which corresponds to about 100 cu. ft. per minute 
per kilowatt loss. That would represent the maximum air 
temperature rise at discharge. At the critical part, say in the 
stator teeth, the temperature rise of the air is considerably less 
than that. The high velocities that ordinarily obtain in our 
large machines make for excellent heat transfer from the lamina- 
tions to the air adjacent to them, so we don’t have a large thermal 
drop from the laminations to the air; and the iron package is 
comparatively thin, so that the average transverse thermal drop 
through them is still quite low. 

One more point I want to make in answer to Mr. Gay is that 
this paper was simply the result of investigations of particular 
types of ventilation, not of the general scheme, but rather of the 
types that are generally used; of course, not all of the schemes, nor 
all the possible modifications of even this one, are covered. For 
instance, when it was finally necessary for this work to be discon- 
tinued, we did not get tests with squirrel-cage windings, much as 
they were desired. : 

Mr. Penney has referred to Reynold’s number. Any one who 
makes a study of fluid flow today will learn that that is the very 
important criterion of flow. It correlates density, viscosity, 
velocity, and a linear dimension. Thus, the loss of head is always 
the same in geometrically similar ducts if the Reynold’s number is 
not altered. Thereby experiments can be made on models of one 
size, with one order of velocities, and with one kind of fluid, and 
the data thereby obtained can then be applied to full size with 
perhaps another fluid and other velocities, provided the Rey- 
nold’s number for the two cases is unchanged.! The designer of 
hydrogen cooled electrical machinery may find some parts which 
are not adequately cooled, because the flow may be linear instead 
of turbulent due to the considerable difference in Reynold’s 
numbers for air and for hydrogen, assuming that he had based his 
calculations upon the data obtained in an air-cooled machine. 


Mr. Henderson raised a question in regard to Fig. 39. Per- 
haps the departure of the curve for reduced interpolar spaces 
from the simple parabolic form will be better understood with the 
aid of a physical picture. 


1. The footnote near the beginning of the Appendix I bears upon Rey- 
nold’s number. 
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In the accompanying sketch, Fig. 1, suppose the machineislong, 
or that the spaces between poles for axial flow are reduced. The 
axial velocity of the air at either end is consequently high. If 
the static pressure at A is higher than at B, air flows through the 
radial vent from A to B. The volume flowing axially is thereby 
slightly decreased, and the axial velocity lowered. If there are 
‘no losses, the static head just beyond A is increased by exactly 


the same amount as the axial velocity head is decreased. Con- 
sequently, at C the static head is higher than at A, and the radial 
flow through C-D is greater than through A-B. If the vents 
are very many, and very narrow, the familiar cosine (or nearly 
parabolic) curve would be obtained. However, there are losses, 
such as friction, and that which accompanies the reduction in 
axial velocity. If such losses are exactly equal to the gain in 
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static head due to the slowing down of the air, the flow through 
A Bequals the flow through C D.2 If the losses exceed the 
regained head between A and C, the flow through A-B is less 
than through C-D. It is evident that where the axial velocities 
are highest the losses are usually greatest; therefore it is possible 
in long machines for the curve to be nearly horizontal, or even 
bend upwards near the extremities. 


By means of the mathematical solution that Mr. Beckwith 
obtained, he was able to check very closely experimental curves, 
such as shown in Fig. 39. 


In regard to Mr. Barns’ discussion, I do not think that the 
vertical alternator is any different from the horizontal shaft 
alternator, provided the system of ventilation is the same. As I 
understand it from the description he gave, there were distinct 
structural differences. He used different schemes of fans, and 
there were other differences; consequently, the distribution or 
the characteristics of flow were quite different from what he had 
obtained in somewhat similar horizontal machines. I am fre- 
quently requested to advise on various schemes of ventilation, 
but I cannot do so in this case because I do not know the details 
of the construction other than Mr. Barns outlined, and he did 
not make a sketch. If he wishes to do so and will submit a 
sketch to me, perhaps I can throw a little more light on the 
questions that he raised. 


2. This assumes that the difference in static heads is the only actuating 
means for radial flow. It is recognized that circumferential velocity heads 
also have considerable influence, 


An Ultra Violet Light Meter 


BY H. C. RENTSCHLER: 
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Synopsis.—An instrument for measuring ultra violet radiation is 
described in this paper. The general plan of the meter is explained 
and a description of a small portable instrument is given. By means 


UNSHINE and fresh air have long been recognized 
S essential for good health in man as well as for 
animals and plants. It is now well known that this 
beneficial effect from sunshine is in large part due to 
radiation from the sun which is not visible. 

By passing the light from the sun through a glass 
prism, rays of different color are separated, producing 
the well-known result called the spectrum. These 
various colors differ from each other in wavelength 
only. Thus red light has a wavelength of about 6000 
< 10-§cm., while violet light has a wavelength of 
about 4000 x 10-§em., with the intermediate colors 
having wavelengths between these two values. By 
suitable means of detection it can be shown that in the 
spectrum so obtained there is radiant energy of wave- 
length longer than the red, known as infra red or 
heat rays. Similarly we have radiation of wavelength 
shorter than the violet. This latter region is known as 
the ultra violet. 

Due to the absorption by the atmosphere around the 
earth, the short wavelength limit in the sun’s rays is 
about 2950 x 10-°cem. Furthermore, due to varying 
atmospheric conditions and seasonal variations, this short 
wave end of the sun’s radiation is so variable in inten- 
sity that for practical applications it is a rather unre- 
liable source of ultra violet light. Artificial ultra violet 
light is now extensively used in medical treatment of 
certain ailments, for the production of vitamines, for 
bringing about certain chemical reactions (a field known 
as Photo Chemistry) and for many other purposes. For 
a systematic study of the effects so produced, a prac- 
tical device for measuring the intensity and quantity of 
the light used is evidently of great value in determining 
a quantitative relation between the light used and the 
effect it produces. 

The methods which in the past been have used for 
measuring or estimating intensities of ultra violet light 
may be classed as follows: 

1. Chemical. Here the light generally produces 
certain color reactions in the compounds used and the 
intensity is gaged by the change of color and the time 
of exposure. 

2. Thermal. The radiation is allowed to fall upon 

the surface of a body and the temperature change 
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of proper choice of cells, as described in the paper, radiations of 


different desired frequencies may be measured. 
* * * * * 


produced is used to indicate the radiant energy received. 
The thermo pile, the radiometer, and the bolometer are 
illustrations of this type of instruments. 

3. Photometric. ‘The intensity of fluorescence pro- 
duced when the ultra violet light falls upon certain 
substances is compared photometrically with a standard 
light source. 

4. Electrical. This method is based on the phe- 
nomenon known as the photoelectric effect where an 
electric current is permitted to pass between two 
electrodes in a vacuum or a gas, by letting the light fall 
upon one of the electrodes. Most metals show this 
effect only when illuminated by light of very short 
wavelength; that is, in the short ultra violet end of the 
spectrum. The current which can be produced in this 
way is very small and consequently requires either a 
very sensitive current measuring instrument such as a 
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galvanometer or an electrometer, or an amplifier such 
as.is used in radio together with less sensitive meters. 

None of these devices as described is really suitable 
where simplicity of operation and portability are 
essential. It is the object of this paper to show how 
these difficulties are readily overcome by the use of a 
simple device. The operation is readily understood 
from the following description. 

In the accompanying diagram, Fig. 1, a battery B 
charges the condenser C at a rate determined by the 
photoelectric current produced in the cell P when light 
falls upon the cathode of the cell. Heretofore this rate 
of charging of the condenser or in some cases the reverse 
effect, namely the rate of discharging of the previously 
charged condenser, was measured by means of an 
electroscope or electrometer. The simplicity of the 
scheme to be described here depends upon the substitu- 
tion of a specially designed glow tube, which we shall 
call a “glow relay tube,” indicated by G in the diagram 
in place of an electrometer. 

This glow relay tube has an iron or other suitable 
metal cylinder about an inch in diameter and from one 
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to one and a half inches long for cathode K. There are 
two anodes; one shown by A which we shall call the 
starting anode, and a second anode D which we shall call 
the main anode. The anode A preferably consists of 
thorium metal. 

A small iron or nickel wire 7’, welded to the cathode, 
is so placed that it gives a short gap between the cathode 
and the starting anode A. The exact positioning of this 
starting tip with reference to the two anodes has an 
appreciable effect upon the sensitivity of the tube. 

In operation, the main anode D is connected to the 
battery B through a relay R such as is used in telephone 
service for registering the number of calls. The voltage 
between the anode D and the cathode K is kept below 
that normally required to start the discharge. When 
the light falling on the photoelectric cell P charges the 
condenser C to such a potential that a discharge takes 
place between K and A, the cathode resistance of the 
glow tube is broken down and a current flows between 
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Fic. 2—Eryruema Curve AccorpiInG TO HANSEN AND VAHLE 
the main anode D and the cathode. This operates the 
relay, pulls the armature over, registers the count and, 
at the same time, opens the main circuit at M. Simul- 
taneously the condenser is discharged. The light fall- 
ing on P again charges the condenser C to the 
breakdown potential between 7 and A when the 
discharge is repeated. Thus it is clear that the intensity 
of the light falling on P, which is effective in producing 
photoelectric action, is proportional to the rate at which 
the counter registers and the total quantity of effective 
light which has fallen on the cell is proportional to the 
total number of discharges registered by the counter. 
In some cases it is desirable to use a sensitive relay for 
R which in turn closes and opens a separate circuit 
which operates the counter or other recording or operat- 
ing device. By means of this device, jit is possible to 
measure photoelectric currents of the order of a thou- 
sandth of a microampere or much less with as great 
ease as we now measure electron emission currents by 
the use of milliameters. 

The next question that confronts one in the measure- 
ment of ultra violet light is the use of a cell suitable for 
the particular problem at hand. It so happens that 
photochemical reactions, or the response of the human 
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system to ultra violet light radiation, etc., is limited to a 
definite region of the spectrum and that different 
reactions require different wave bands. By the selection 
of the proper material for the photoelectric cell, a cell 
can generally be found which will not respond to light 
of longer wavelength than that which is effective for the 
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particular reaction. Light of wavelength shorter 
than that which produces the desired effect for the 
particular reaction can be prevented from reaching the 
photo cell by the use of suitable light filters. In some 
eases this can very conveniently be accomplished by 
using the proper kind of glass in the construction of the 
cell. In this way a very satisfactory intensity or 
quantity measuring device can be made by combining 
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the proper photoelectric cell with suitable filter with the 
scheme outlined above. To illustrate this point, for the 
prevention and cure of rickets, the medical profession 
has fairly definitely established the useful wave band of 
light between 2800 x 10-$em. and 3200 x 10-* cm. 
The curve of relative sensitivity for different wave- 
length as given by Hauser and Vahle’ is shown in 
Fig. 2. 
2. Vergl. Strahlentherapie, Vol. 13, 1921, p. 41. 
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We have found that if uranium metal is used as the 
active material of the photoelectric cell, the cell will not 
respond to light of wavelength longer than about 3200 
< 10-§cem. as can readily be shown by interposing 
ordinary window glass between the source of the ultra 
violet light and the cell. Again, by using a suitable 
glass for the container of the cell, such as Corex D, only 
a very inappreciable amount of light of wavelength 
shorter than 2800 x 10-8cm. will reach the active 
material of the cell. We thus have a device which 
measures very well the useful radiation of the ultra 
violet light in the region of wavelengths beneficial for 
this particular use. 

If the entire ultra violet region below 3200 x 10-* cm. 
is to be measured, the cell container is best made of 
quartz instead of this special kind of glass. If the 
region of wavelength below about 3700 x 10-8 em. is to 
be measured, we find metallic thorium serves very well 
for the active material of the cell. And again, if it is 
desired to measure light from blue into the ultra violet, 
the metal cerium serves admirably for the cathode of 
the photo cell. 


The details followed in the construction of the cells 
are omitted here for obvious reasons. These are of 
sufficient interest and will be described elsewhere. 

The indicator complete, Fig. 3, is built into a case 
101% by 12 by 9in. The photoelectric cell is hinged on a 
door so that it can be set at different angles to allow the 
light to fall directly on the cell. When not in use, the 
cell folds into the case and the door protects it from 
being damaged. The electromagnetic counter that 
registers the indications is mounted inside the case. 
The 180 volts of B batteries are inside the case and 
can be replaced by removing the top panel. As the 
current through the photocell is very small, all parts of 
the circuit have to be highly insulated. 

To operate the indicator, it is only necessary that the 
ultra violet rays fall on the cell. The number of counts 
in five or ten minutes gives the amount of the ultra 
violet radiation. For bright sunlight there will be 
approximately one hundred counts in five minutes. 
For half this intensity of light, there will be fifty 
counts. 

The indicator alone is for measurements and tests of 
fairly short duration, such as treatments of food stuffs, 
testing of glass, and medical treatments. For continu- 
ous operations, a graphic meter that records the counts 
is attached. In this case, the electromagnetic counter 
is omitted from the indicator and the graphic meter 
operates from the contacts of relay R, Fig. 1. The 
graphic meter is the impulse type, that is, each count of 
the indicator notches up the pen of the recorder. The 
pen is automatically reset to zero every five minutes. 
The graphic meter gives a continuous record of the 
counts that occur in five minute intervals. Fig. 4 shows 
a chart taken of sunlight on July 2. The midday 
variation in ultra violet shown on the chart was due to 
its absorption in passing clouds. 
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The indicator alone is self contained and operates 
from the B batteries in the case. The graphic meter 
operates from a 110-volt light circuit and will give a 
continuous record for thirty days. 

In conclusion it apears that by the combination here 
described we have a simple and at the same time a 
reliable method for measuring the ultra violet light as 
may be used for various purposes of application. 


Discussion 

E. Gordon: As Dr. Rentschler explained the principle of 
his very interesting and useful instrument, which is in some 
respects new, I feel that there will be other uses beside the 
measurement of ultra violet to which it will be put. How- 
ever, I want to mention a few things about some work which 
I was engaged in with the help and cooperation of the Hanover 
Research Laboratory during the last four or five years, in the 
development of an ultra violet meter which has been on the 
market for about two or three years and enjoys a fair amount of 
use throughout the world. 

This meter, I believe, was not mentioned by any of the speakers 
tonight. It is a fluorescent meter. We considered photoelectric 
cells and other things in the development of this meter, and we 
found that in order to get something practical and simple you 
must cut down your apparatus and make the principle of opera- 
tion as simple as possible. 

We also used uranium in the form of uranium glass. Like 
this instrument, our apparatus gives a quantitative, but not 
qualitative measurement. Of course, with suitable filters and 
spectroscopes, we can get both in it, but the way the meter 
operates is very simple. It has a filter of Corex glass, the trans- 
mitting characteristics of which have been determined, and this 
filter admits practically the ultra violet light with very little 
other light. The fluorescence is measured by means of a com- 
parison lamp. 

The apparatus is extremely simple. It is operated by looking 
into it and comparing the color. Incidentally, the color is green. 
It is very difficult to make a mistake in comparison. We have 
tested it with many users, people who are not acquainted with 
the use of scientific apparatus, and we found errors of from 25 to 
10 per cent with inexperienced users. The apparatus is very 
small. We have had some difficulty with it because we had to 
make a stand to protect the operator from the ultra violet light. 

In addition to that, we have published curves and we have 
described the dosage of ultra violet light in energy doses in ergs 
per second per square millimeter. So far the work has been done 
only for the quartz mereury lamp, but there is no reason why in 
the future we shouldn’t be able to calibrate the meter for any 
kind of light source. 

When it comes to sunshine we have experienced a great deal of 
difficulty because the spectrum of the sun changes from hour to 
hour, the distribution changes, not only the intensivity, but even 
the distribution as to vapors and so forth of the air. This 
apparatus is a little more automatic and objective than our 
apparatus, which is rather subjective. You must look into it 
and make a comparison. It will lend itself to uses to which our 
apparatus cannot lend itself. We found the use of batteries and 
photoelectric eells involved sourees of error, whereas our appara- 
tus involves minimum sources of error. 

In conclusion, I wish to state the medical people are having a 
great deal of trouble with the use of this simple photometer. 
Many laboratories are using it. They find it is not precise 
enough for them. They want an error less than 5 per cent. 
They want something which will include the use of a photo- 
electric as well as a very delicate measuring apparatus with a 
spectroscope. The doctors using this apparatus object that it is 
too complicated to use. 
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In closing, I want to congratulate Dr. Rentschler on his 
invention. I think it will probably be useful for x-rays as well 
as ultra violet, in the automatic control of x-rays. 

W. W. Winship: Dr. Rentschler by the proper selection of 
photoelectric material on the one hand and light filtering material 
on the other definitely fixes the wavelength limits within which 
his meter measures any certain ultra violet light source. As all 
of his audience are not equally versed in the peculiarities of 
ultra violet light it may be well to mention again, as Coblentz 
(Radiology 10:118, 1928) has pointed out, that the comparative 
intensity of ultra violet light as indicated by a photoelectric cell 
does not necessarily mean that the same respective biologic 
efficiency, for example, will be obtained if different sources of 
ultra violet radiation are under consideration. 

In these cases we are of course measuring the resultant of two 
factors, a qualitative one representing the effectiveness of the 
particular ultra violet region in producing chemical, photoelec- 
trical, or other responses, and a quantitative one representing the 
intensity of that effective wavelength in the light source being 
measured. 

Dr. Rentschler no doubt assumes that it is understood that two 
or several quite different ultra violet sources might give identical 
readings using his meter or other commonly employed means of 
ultra violet measurement. One light source for example might 
be rich in wavelengths having a small photoelectric effect, a 
second might have a smaller percentage of wavelengths with a 
much greater photoelectric power, while a third might be moder- 
ately strong in rays producing a moderate photoelectric effect, 
and yet the three might give the same reading on the ultra 
violet meter. ; 

This paper speaks of measuring ultra violet light for various 
purposes of application including treatment of food stuffs, 
testing of glass, and medical treatments, and it is the writer’s 
understanding that its chief usefulness lies in measuring the 
relative effectiveness as gaged by photoelectric effect of different 
ultra violet sources of the same type which had already been 
standardized for the particular application under consideration. 

‘As the writer understands that curves expressing the sensitivity 
of a photoelectric cell to the ultra violet do not agree with those 
showing chemical activity, for example, and that neither of these 
necessarily corresponds with a curve showing the production of 
erythema, there seems at the moment little hope that curves 
showing the ultra violet effect of different light sources, as 
measured by different methods, will be found to bear any direct 
relation to one another so that a curve produced by Dr. Rentsch- 
ler’s meter for example could be interpreted in terms of actinic 
power. : 

As far as present data show, will it not always be necessary to 
measure ultra violet sources by chemical meters if required as 
actinic sources, by electrical methods when needed for photoelec- 
tric purposes, etc.? As regards chemical measurements, it would 
seem that these should always be made with the chemical in- 
volved in the investigation, the effective wavelengths required 
for various chemical reactions being found in such widely sepa- 
rated parts of the spectrum. A further complication seems to lie 
in the fact that according to some authorities production of 
erythema is apparently a matter of individual reaction and 
cannot be accurately measured by any form of apparatus, even 
if using the same wavelength and intensity as that to be applied 
to the human body. 

H. P. Gage: Some of the work which has been referred to by 
Dr. Luckeish was performed more or less with our cooperation by 
Dr. G. H. Maughan at Cornell University. The first work which 
Dr. Maughan did was to determine, or rather redetermine a little 
more narrowly, about what spectral region was effective in the 
cure of rickets in chickens. Previous work had been done by 
Dr. Alfred F. Hess of this city, and I may say that his results 
when reviewed are entirely consistent with those of Dr. Maughan, 
i. e., whether or not the entire effect is due to the .2968 line when 
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working with the mercury are, at least the difference between the 
relative effects obtained and the energy of the .2968 line is un- 
detectable by biological means. That is the reason why the 
.2968 region is considered as being the antirachitic region. 

We then wished to find something whose response would 
correspond as closely as possible to this region. Our first thought 
was to see if we had a substance whose fluorescence occurred in 
that region. We therefore covered a quartz mereury are with a 
black Corex ultra violet transmitting filter and laid out a 
number of glasses to see what happened. We immediately 
picked on two that shine brightly; one is a uranium glass which is 
used I believe in a meter which has been described tonight, and 
the other is a potassium lead silicate of which we have manufac- 
tured tons for making cut glass tableware. 


Our next experiment revealed that this glass would not fluoresce 
under radiation transmitted through window glass. Thus we 
are able to measure by photometric means the intensity of radia- 
tion of shorter wavelength than is transmitted by window glass. 

Dr. Maughan recently made a test of a Mazda lamp the result 
of which has been included in Dr. Luckiesh’s paper. He finds 
that the biological effect is consistent with the reading on this 
ultra violet photometer. 


In the demonstration of the ultra violet measuring instrument 
we see here, we have a photoelectric cell which is sensitive to 
sunlight. That it is not sensitive when we use window glass has 
just been demonstrated. It is an instrument whose readings 
would be approximately proportional to the biological effect, 
considering the effects on rickets only. The cure of rickets is 
the only biological effect besides erythema which is readily 
measurable. 


Herman Goodman: [ should like to tell you of a very simple 
qualitative detector for the vital ultra violet. One uses a piece 
of Dr. Gage’s glass and a very thin layer of salicylic acid dissolved 
in alcohol, painted on a piece of cloth, and one can detect the 
range less than 3200 Angstrom units, from a mercury vapor 
quartz lamp or from certain sources of carbon are. If a piece 
of ordinary window glass is interposed, as Dr. Rentschler did 
here, the fluorescence of salicylic acid disappears. The disap- 
pointment is that if one uses very intense sources of carbon are 
one is unable to wipe out the fluorescence of a salicylic acid and 
one is unable in actual sunlight to destroy the fluorescence in its 
entirety. : 

I believe that this is due to the fact that common ordinary 
window glass permits the passage of a very small amount of 
radiation of less than 3200 A. u., and that small amount from 
such intense sources as sunlight or strong carbon are light, is 
such as to fluoresce salicylic acid. 


E. B. Oliver: As a lighting man who has watched the 
development of the sunray lamp, and as one of the early developers 
of the artificial daylight, I feel that the use of this instrument 
will be very large. We will be able to take a room and illuminate 
it with artificial daylight. I have backbone enough to see that 
the sunray lamp is the next step in our evolution of artificial 
light, putting it into a room with this instrument, and detecting 
the sunray value in a room, or in an office. 

L. J. Buttolph: I wish to call the attention of those inter- 
ested either in the design or the use of ultra violet radiation 
meters to certain difficulties we have encountered in their prac- 
tical use. Their sensitivity is such as to necessitate placing 
them so close to even the more intense light sources that the 
effective aperture of the device, as defined either by the construe- 
tion of the photoelectric cell or of its housing, does not admit 
radiation from a reflector of any size. We find it necessary to 
measure the bare source and calculate the additional reflected 
component from the photometrically determined distribution 
curve of the reflector and the relative ultra violet reflectivity 
of the reflector material. Where the.relative energy distribution 
of the total radiation must be determined the relative reflectivity 
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of the material must also be taken into account by evaluating the 
reflected component. There isa similar difficulty in the measure- 
ment of a low intensity course of extended area, such as the 
Cooper Hewitt lamp. The instrument generally defines all’ too 
small an element of the total source area, this area varying with 
the distance to the meter so as to defeat any attempt to change 
the intensity of the radiation received by it. The solution lies 
in the use of a sensitive meter and in doubling a tube source of 
light back upon itself to form a compact grid. 

Analogous difficulties are encountered in attempts to determine 
the total effective ultra violet reaching a particular area from 
several sources or from a single source of extended area, the 
extreme case of the latter being the determination of the diffused 
ultra violet effective on a horizontal area from the total sky 
hemisphere. The meters do not satisfactorily comprehend a solid 
angle of 180 deg. and calculations from intensity measurements 
in various directions are complicated by doubt as to the relation- 
ship between the angle of incidence and absorption of ultra- 
violet: It is suggested that a wide angle, at least 120 deg. meter, 
to be used analogously with an illuminometer would be useful. 

B. H. Smith: I just want to mention one point that I think 
might have been missed, and that is that the output of the tube 
itself, without any adjunct such as the secondary tube, just with 


an ordinary B battery, the ultra violet sensitive tube is of the — 


order of one microampere, with a goodly amount of ultra violet 
source, so that even with a sensitive indicating instrument we can 
get a pretty fair reading. I think that will answer one of the 
questions asked. 
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H. C. Rentschler: Regarding the uranium glass, we have | 
tried that and we have abandoned it for the reason that uranium 
glass will fluoresce even when illuminated by a 100-watt lamp. 
I think, as Dr. Luckiesh has pointed out, a 100-watt lamp will 
not be effective in producing a sunburn or an erythema dose, and — 
consequently the uranium glass with the photometric measure- 
ments will record light which is not necessarily the particular 
region of the spectrum that we wish to use. ) 

As regards the different sources of lighting being different, the 
position that we are in here is very much the same as what we 
do in photoelectric photometry. There is no photoelectric cell 
made that imitates perfectly the human eye, and yet it is possible 
by means of photoelectric cells to photometer ordinary lamps far 
more accurately than we can by the old method of visually 
looking at them. That is a consistent result. 

We have very much the same problem here. I do not pretend 
that this cell is absolutely responding only to the wavelength 
that we wish to measure, but it comes within that region, and 
if you were to take a different source of light, as for instance 
an ordinary mercury are, you would have to have a certain 
reduction factor for the reading here to give the same effect 
that you get from a carbon are. That is, a reading of 100 
clicks on the carbon are would not necessarily give the same 
erythema dose as the 100 clicks on the mercury are, and each one 
of the different sources of ultra violet that would be used would 
have to be reduced by a certain factor, which in the end can 
only be worked out by actual erythema tests, or whatever the 
purpose is that we wish to use the ultra violet light for. 
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is System Connections and Interconnections in Chicago 
District, by G. M. Armbrust and T. G. LeClair. 


Il. Fundamental Plan of Power Supply in the Detroit 
District, by S. M. Dean. 


Ill. Fundamental Plan of Power Supply in the Phila- 
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N interconnection may be defined broadly as a 
A linking of power sources and load areas. Thus, 
interconnections include ties between power 
systems independently owned and operated, and also 
connections between different power sources and loads 
of asingle system. It is generally recognized that local 
conditions and restrictions of various kinds are fre- 
quently predominant in their influence upon the type of 
connections and equipment used, but it is equally 
apparent, theoretically, at least, that with the locations 
of the generating stations fixed and a definite character 
of load to be served, there should be a single method of 
connection which is better than other possible methods. 
This method may change from time to time as improve- 
ments in equipment characteristics are made. 

Assuming that a fundamental plan for a power system 
may be extended to include the fundamental plan for 
an interconnection, it is hoped that the first three of the 
following papers on fundamental plans of power supply 
will serve as the basis for the commencement of a dis- 
cussion of this important subject. The committee 
expects to secure papers giving comparable information 


on other plans of power supply so that eventually it 
may be possible to set up a classification of ideal plans 
according to requirements. 

The requirements of the three systems described in 
the present group of papers are similar to the extent 
that they are all large and they all have concentrated 
heavy load areas and relatively large light load areas. 
They differ in that the power sources and locations 
range from steam stations located near their loads to 
steam, hydro, and interconnection sources, some of which 
are near and others remote from load points. The 
fundamental plans of the systems were adapted to the 
requirements of the individual cases, as explained in the 
papers. 

The following table lists some of the features of the 
systems, covering briefly both the requirements and the 
general plan of meeting them. A symposium on 
Synchronized at the Load appearing in the October 
1929 QUARTERLY of the A. I. E. E., describes a still 
different fundamental plan, applying most directly to a 
concentrated heavy load area, but presenting consider- 
able possibilities for more extensive lighter load areas. 
This plan should be considered in discussions of the 
papers of the present group. 

In building up the art of system connection and 
interconnection, there are detail points involving equip- 
ment characteristics and functioning of components 
which must be solved, and which in some cases are of 
sufficient importance to influence the fundamental plan 
itself. Two such factors are considered in the last two 
papers of this group. One describes tests which were 
made on the operation of governors during system dis- 
turbances and the other deals with the flow of power in 
closed loops. These papers serve to reduce the element 
of speculation on these aspects of interconnection. 


PRINCIPAL FEATURES OF POWER SUPPLY SYSTEMS 


Feature Chicago Detroit Philadelphia 

ENE ANAL Oy ieee te ene ak, ey eee el ack as ete rp potettet gees de 6,000 sq. mi. 4,400 sq. mi. 1,300 sq. mi. 

Metropolitan, AFCA. 6 op. eciaiere suerte ens ew mo 209 sq. mi. 220 sq. mi. 136 sq. mi. 

[PEE ayes Utah ke oe eet eo ee bo Pn ror 1,355,000 kw. 550,000 kw. 735,000 kw. 

RV EATOE DO Wel sclera are silos ete ls, cust s: ausrnqwchs ls Steam Steam Steam 

‘SORTS Rs ee aioe Mlomacinan Crane eet cicecro acl Interconnections Hydro interconnections 

Mandamontal plan. jac 4sk hes | «shoe see Close linked Loose linked Close linked 

Impedance between generating stations..... Low High Low* 

Major transmission and distribution voltages 132,000 220,000 
66,000 120,000 66,000 
12,000 24,000 33,000 

13,200 


Provisions for limiting short circuit currents . 
‘ Reactors on generator leads 
Feeder reactors 
Segregated phase 
Neutral impedances 


tor field control 


*Except one hydro station. 


Reactors between halves of system 


Tap-changing transformers and genera- 


Bus sectionalizing reactors 
Feeder reactors 


Inherent in layout 
Linkage bus reactors 
Tie line reactors 


Tap-changing transformers 
Generator voltage regulators 


Tap-changing transformers 
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Synopsis.—T his pdper outlines the characteristics of the Chicago 
territory and the power system which has been planned to supply this 
region. The extent and nature of the territory, the loads, and the 
service standards are outlined. There follow descriptions of the 25- 
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and 


cycle and 60-cycle systems, including voltages up to 132 kv. 

Protective and control features are discussed, as well as operating 
procedure. Information is given on the service record and on de- 
velopments being planned for the future. 


INTRODUCTION 


ERTAIN fundamental principles are necessary in 
C any transmission and distribution system in order 
to maintain reliable service with a maximum 
output per dollar of investment. However, the funda- 
mentals of any system are governed largely by a number 
of factors beyond the direct control of the engineer. A 
basic feature around which any system must be designed 
is the distribution of population, industries, and load in 
the territory supplied. Another important considera- 
tion is the availability of water power or of water and 
coal supply for steam generating plants. Between the 
two extremes, then, of the load at the one end and the 
economic location of generating capacity at the other, 
lies the realm for system planning. The first part of 
this paper therefore sets forth briefly the characteristics 
of the Chicago territory which are the background for 
the present design, and the latter part of the paper tells 
of the system which has been developed to meet the 
needs of the territory. 


I. CHARACTER OF TERRITORY 


The territory included in the Chicago region is a 
comparatively large area with its activities centered 
about the city of Chicago. The city itself has an area of 
209 sq. mi. which includes manufacturing, commercial, 
and residential sections. Immediately surrounding the 
city and more or less concentrated about the lines of 
high-speed .transportation is a suburban area which is 
largely tributary to the city and covers approximately 
1200 sq. mi. Beyond this, small towns, which are not 
strictly suburban and yet are apparently located near 
the city because of good transportation and nearness 
to supplies, are spread over an area of 4800 sq. mi. The 
total area in the region considered for this paper is thus 
approximately 6000 sq. mi. 


The spread of population in this territory may be 
likened to the electrical field about a point, in that it is 
highly concentrated at the center and this concentra- 
tion gradually tapers toward the outskirts. This dis- 
tribution of population is indicated on the map of the 
region, Fig. 1. In the city proper the estimated 1929 
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population is 3,250,000, of which 1,750,000 is within 
the central 60 sq. mi. and the remainder in the outlying 
150 sq. mi. In the near-by suburbs where a large per- 
centage of the residents live and commute to the city, 
the population is about 1,000,000. The population in 
the remainder of the Chicago region is only 250,000, 
which makes a total considered of 4,500,000. 

This territory is supplied from the systems of the 
Commonwealth Edison Company, within the city of 
Chicago, the Public Service Company of Northern 


Illinois and the Northern Indiana Public Service Com- - 


pany immediately surrounding the city, and the further 


WISCONSIN 


1500000 


MICHIGN CITY 


rr: 
ype 


ILLINOIS 


INDIANA, 


TLR OF MRT 


Fig. 1—DistripuTioN oF PoprpuLaTION IN THE CHICAGO 


REGION 


outlying regions by the Middle West Utilities Compa- 
ny’s subsidiaries. These systems are so interconnected 
and operated that the supply is equivalent to that from 
a single system. 

II. Loap 


In any territory of this size where the vast preponder- 
ance of power used is obtained from central stations 
rather than from isolated plants, there is a wide divers- 
ity between the various classes of business and some 
between the sections of territory supplied. Taking the 
region as a whole, the load is approximately evenly 
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divided between these classes, and it is estimated will be 
as follows for the winter of 1929-30: 


Number of 

Non-coincident load customers 

Reesidentialor soy en fences: ‘400,000 kw. ~ 1,075,000 
Commercial Light & Power....... 425,000 “ 200,000 
Wholesale Light & Power......... 460,000 “ 5,200 
OUIRVER ES 39 wad orale ete Gist Segara cies 350,000 “ 10 
TPO bALS sae eee acmeeine OGD, 000! low, 1,280,210 

Total Coincident........ 13355,0007 = 


BEPIN OP SLE cae yee «cela toiodaiccsn hata p einen ser 280,000 kw. = 20.7 per cent 


Of this total load of 1,355,000 kw., 1,059,000 kw. is 
within the city and the remainder, 296,000 kw., in the 
surrounding region shown on Fig. 1. 

The density of load is, of course, to a certain extent 
proportional to the distribution of population, except 
for the greater load concentration at the center of Chi- 
cago. The maximum density in the downtown area, 
which covers approximately a square mile, is 125,000 
kw. per sq. mi. The average for the city of Chicago is 
about 5100 kw. per sq. mi., but for the total area in this 
region, it is only 230 kw. per sq. mi. These loads are the 
estimated maxima for the winter of 1929-30. 

The annual load factor of the entire region is about 
51 per cent, though the zones served by the various dis- 
tribution centers (as described later) have load factors 
ranging from 35 to 60 per cent. However, the diversity 
between their maximum loads is only about 4 per cent. 


III. SERVICE STANDARDS 


The requirements of the Illinois Commerce Commis- 
sion are that the lighting voltage regulation at custom- 
ers’ service shall be within 4 per cent below and 5 per 
cent above the rated voltage (115). The standard 
which the Commonwealth Edison Company works for 
is that the pressure shall not drop below 112 volts. A 
recent careful survey indicates that only a very small 
percentage receive voltage which is below that standard. 
In the outlying communities it is more difficult to main- 
tain the same regulation. On the d-c. system the load 
‘is more concentrated and the regulation problem is 
comparatively simple. 

The voltage standard for power service is met without 
difficulty. The Commission’s requirements are that the 
voltage regulation be within 10 per cent of the standard 
and in almost every case, the actual voltage is not out- 
side the limits of 220 to 240 volts. 

The voltage standard for the d-c. railway service is 
that it be maintained between 600 and 650 volts. In 
actual service this voltage is normally kept at 620 volts, 
but under heavy load swings, this voltage may go down 
to 600 volts and occasionally as low as 590 volts. 


25-CYCLE SYSTEM 
A. General Plan. The 25-cycle system, which 
constitutes the oldest part of the Chicago System and is 
located in the central district, evolved from the old d-c. 
generating stations. These were gradually supplanted 
by synchronous converter substations now served at 
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9000 volts from the Fisk Street, Quarry Street, and 
Northwest generating stations. 

The 25-cycle system is supplied by 236,000 kw. of 
generating capacity located at the Fisk and Quarry 
Street Stations and 85,000 kw. capacity at the North- 
west Station and also by two 40,000-kw. frequency 
changers at the Fisk Street Station fed from the 60- 
cycle system. No 25-cycle generating capacity has been 
added to the system since 1920, most of the increase in 
load since that time having been taken on the 60-cycle 
system. During the past few years the 25-cycle output 
has been decreased by transferring load to the 60-cycle 
system. The two 40,000-kw. frequency changers were 
recently added to the 25-cycle system supply because 
of the better efficiency of the modern 60-cycle generators 
and to provide more reserve for the 25-cycle system. 

B. Load Served. The 25-cycle system as distin- 
guished from the 60-cycle system has only two classes 
of load. One is d-c. light and power which is practically 
all in the central district, (and therefore, commercial). 
The other class is electric railway service. 

At present 95,000 kw. of the d-c. light and power 
system load and 226,000 kw. of the traction load is 
supplied from the 25-cycle system. These two classes 
have a coincident demand of about 313,000 kw. 

The substation capacities to feed this load are as 
follows: 


D-C. Light 


and Power Railway Total 


125,350 kw. 245,550 kw. 370,900 kw. 
20 35 51 


Substation capacity..:..-.7...- 
Number of substations.......... 
Four of these 51 substations supply both classes and 14 
also have 60-cycle equipment. 

C. Load Characteristics. The entire load on the 
25-cycle system is synchronous converters which feed 
either the d-c. distribution network or the 600-volt 
railway supply. In the case of the d-c. system, the con- 
verters are paralleled directly on the d-c. side in some 
cases, and in others they feed separate d-c. busses, which 
are in turn tied together through feeders to the low- 
voltage network. The d-c. system is provided with 
storage battery reserve which is kept floating on the 
system to prevent momentary interruptions to the 
supply which might disrupt the distribution network. 
These batteries have a total capacity at the 1-hour 
discharge rate of about 40,000 kw. The power which 
ean back-feed from the system to one machine is con- 
siderable and is practically limited only by the im- 
pedance of the converter and transformers. The d-c. 
network is also supplied by other substations on the 60- 
cycle system, interspersed in such a manner that there 
can be some transfer of load from one frequency to the 
other, under emergency conditions through the low- 
tension network. 

Because the load is all synchronous converters, the 
power factor is practically unity. In some cases care 
must be taken to keep enough excitation on the gen- 
erators for stable operation. It has been found that the 
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old generators particularly are not very stable unless 
the power factor of their load is kept at unity or slightly 
lagging. 

The railway load is that supplied to the surface lines 
and the elevated lines. This 600-volt railway load 
consists of a number of sections which are normally tied 
together through the substation busses. These sections 
also form a connection between adjoining substations. 
This load differs from the low-voltage, d-c. in that the 
substations are relatively far apart and not a very large 
interchange of energy can take place without a con- 
siderable reduction in the service voltage. The railway 
load is also supplied from the 60-cycle system through 
synchronous converters and mercury arc rectifiers. 


D. System Connections. The 25-cycle system is 
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largely supplied at 9000 volts. (A few outlying railway 
substations are supplied at 20,000 volts through trans- 
formers connected to the 9000-volt system at Fisk 
Street.) Fig. 2 gives the general layout of this system, 
and its design can best be explained by referring first 
to the substations in the d-e. territory. - 


Every substation feeding the d-c. network has its 
converting capacity separated approximately in halves, 
and these halves of the converting capacity are supplied 
from busses which are not normally tied together, but 
which can be connected together by the closing of a 
circuit breaker. The separation’ between these two 
busses is also carried out in thelines back to the generat- 
ing station, so that the two halves of any substation are 
fed from different sections at the generating center. 
The 9000-volt generating system is operated in three 
sections as described later. These sections are inter- 
laced and alternated throughout the territory of the 
low-voltage network, in such a manner that the com- 
plete loss of one of these sections would interrupt only 
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half of the supply to any one substation, and the over- 
load to units on the other two sections and to those on ~ 
the 60-cycle system would be reasonably well distrib- — 


uted over the entire area. In other words, each half 
substation is treated as a distinct unit and the groups 
of these half substations which are connected to the 
same network of transmission lines are interlaced with 
groups supplied from other sections in a manner that will 
come as near as possible to giving any point on the 
network a supply from several sections. 


At Fisk and Quarry, there are three sections of the 
25-cycle system, called arbitrarily, the A, B, and C 
sections as shown in Fig.2. One of the two main busses 
at Fisk Street is the nucleus of the A section, the other 
that of the B section, and the Quarry Street busses sup- 
ply the C section. The A and B sections are connected 
together through a 2.0-ohm reactor. The Quarry sec- 
tion is connected both to the Fisk A and the Fisk B 
sections through separate tie lines, each having one ohm 
reactors. The main bus diagram can therefore be con- 
sidered as composed of three parts on the three sides of a 
triangle, with a high reactance at the corners. Since 
the installation of the frequency changers at Fisk Street 
it was found desirable to reduce the reactance between 
Quarry and each of the two Fisk Street sections to one 
ohm, because the generators at Quarry are not running 
at all times of the day, and satisfactory regulation must 
be maintained with a considerable transfer of energy 
across these tie lines. 


In the early days, neither lines nor generators were 
equipped with reactors. Under this condition, short 
circuits resulted in severe shocks to the entire system 
and quite general dropping out o° the synchronous 
converters. As a first step, the generating capacity was 
split in two groups at Fisk Street Station, then reactors 
installed in the generator leads and also a reactor tie 
between the two bus sections. 


Even with the above arrangement, a severe short 
circuit near the generating station or at the station it- 


self, resulted in a collapse of voltage and pulling out of © 


step of the generator units and a general dropping of the 
synchronous converters. The severe abnormal condi- 
tions at times lasted as long as 15 minutes. 


After two very severe short circuits experienced in 
1919, all lines were equipped with current limiting 
reactors. The line reactors were primarily for the pur- 
pose of reducing the short-circuit current in case of line 
failure, and to maintain higher voltage on the bus during 
fault conditions. The generator reactors are to pre- 
vent complete loss of synchronizing voltage in case of a 
bus short circuit, and to prevent too much mechanical 
force on windings under short circuit. 

The Northwest 25-cycle system is relatively small 
compared to that at Fisk, and the railway substations 
which constitute most of its load are more or less inter- 
spersed with 60-cycle railway substations, so that the 
same degree of sectionalizing in the supply is not 
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necessary. It is therefore connected through 9000-volt 
cable ties to the Fisk B section only. 

In order to reduce further the short-circuit current, 
neutral resistors are used at each station. On each 
section, one generator is grounded through a neutral 
resistance; the remaining generators do not have their 
neutrals grounded. The neutral resistors range in 
value from 2 to 3 ohms. In case of a fault to ground at 
any point in the system, the fault current is therefore 
limited to less than 2500 amperes. This value of neutral 
current is high enough for a prompt operation of relays 
without being high enough to unduly stress the circuit 
breakers. Barriers are provided between phases 
throughout the generating station switchhouse, both 
on the switches and on the busses, but busses are not 
sufficiently separated to consider the switchhouse as 
being an isolated phase structure. 

The protection of lines on the 9000-volt system is by 
the conventional time sequence in most cases. This 
time sequence is extended back to the generating station 
and includes relays in the supply to the line busses. 
Three or four substations are usually connected to- 
gether in a group which is fed by several lines from the 
generating station. If the substations are close to- 
gether, the tie lines between these substations in the 
group are frequently protected by a pilot wire differ- 
ential scheme. These differential relays are backed up 
by induction overload relays at one end of the line only. 
Other tie lines are equipped with reverse power relays 
set to trip with power flow away from the bus, at each 
point where the relay is installed. A minimum time 
differential of 0.4 second is provided between adjacent 
sections of the network. Practically all lines from gen- 
erating station direct to the substation are equipped 
with induction overload relays at the generating station, 
and a reverse power relay at the substation end, which 
are set to trip with power flow toward the generating 
station. 

Each generator is equipped with ordinary instantane- 
ous differential relays but not with overload relays. In 
case of a severe or prolonged overload, the operator is 
depended upon to open the switch, if necessary, before 
the generator actually fails. The machines are called 
upon to carry an occasional overload rather than risk 
unnecessary interruptions caused by operation of over- 
load relays. 

The busses do not have any direct protection against 
short circuit. In case of a bus failure to ground, experi- 
ence has demonstrated that these faults may continue 
for a considerable period before an actual shutdown will 
occur, and the operator is expected to open the proper 
switches. The principal item in protection is the 
scheme of sectionalizing. This is not relay protection 
in the strict sense of the word, but is rather a pre- 
cautionary measure to prevent the spread of trouble 
beyond the portion where it occurs as it effects a quick 
separation between the A, B, and C sections of the 25- 
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cycle system, leaving them as independent units having 
both capacity and load. 

E. Operating Procedure. The generating units are 
operated on a schedule which provides for the maximum 
fuel economy of the entire system. This schedule is, of 
course, changed from time to time to take into account 
the temporary operating limitations and outages of 
generators. Sufficient reserve capacity is kept running. 
to carry the load in the event of the instantaneous loss 
of the largest unit, which is ordinarily one of the 40,000- 
kw. frequency changers. These frequency changers 
supplying the 25-cycle system are operated at a heavy 
load during the base load period since the newer 60- 
cycle units are more economical than the old 25-cycle 
units. 

F. Service Record. With the present arrangement 
of the 25-cycle system, any cable fault at 9000-volts, 
either phase-to-ground or phase-to-phase, does not 
cause a serious interruption of service. When the fault 
is single phase to ground, the effect is usually very small. 
In the case of phase-to-phase, or a three-phase fault, 
frequently there is some dropping off of synchronous 
converters and resultant transfer of load to other units. 
Since the installation of line reactors, there appears to 
be no serious danger of a complete shut-down of the 25- 
cycle load due to any possible fault on the system. 


SIXTY-CYCLE SYSTEM 

A. General Plan. The 60-cycle system within the 
city of Chicago developed later than the 25-cycle sys- 
tem, and contains some similar features which have been 
found reliable. Some years ago the major portion of the 
60-cycle system consisted of a network of 12,000-volt 
cables tying generating stations together through sub- 
stations. This situation evolved by gradual stages 
rather than from a concerted plan, and after the system 
attained large proportions it was found necessary to 
adopt a plan which approaches more closely the strictly 
radial supply. Under the present arrangement large 
substations are treated as individual units fed only by 
direct lines from one generating station while the smaller 
substations are handled in groups with each supplied by 
direct lines and interconnecting ties. The supply to the 
substations is concentrated at several centers, with no 
interconnection at the generating voltage, but with a 
rigid connection between generating stations at a higher 
voltage. 

For the outlying system in the territory surrounding 
Chicago, very much the same general plan of supply is 
used, except that it has not reached the stage in growth 
where it is necessary to omit the tying of large centers 
through the load. As a result, frequently centers are 
connected together through several 33-kv. lines that 
supply energy at several points along the way. The 
system is, however, reaching a point where the 132-kv. 
trunk line connections constitute a fairly rigid connec- 
tion between centers, and the 33-kv. lines are not de- 
pended upon for interchange. , 
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B. Load. The 60-cycle system covers the entire 
Chicago District and supplies more than three-quarters 
of the total load. Therefore, the load to be considered is 
of practically the same character and distribution as 
that already mentioned under the load for the entire 
area. The several classes of load are so distributed that 
there is considerable benefit obtained from diversity at 
each one of the centers. It is estimated the total 60- 
cycle load in the Chicago District during the winter of 
1929-30 will be 1,073,000 kw., of which 745,000 kw. is 
within Chicago. 

C. Secondary Systems. The d-c. system, which 
covers the downtown area in Chicago only, is the con- 
ventional type of d-c. network, with interconnected 
mains fused at junction boxes fed by feeders ranging 
in size up to a maximum of 2,000,000 cir. mils cross- 
section. Each of these feeders is fused at the junction 
box, where they are connected to the mains or to the 
busses of individual large customers. In the case of 
individual large customers, a strong tie is maintained 
to the network in the street, so that the junction boxes 
at the customer’s premises practically constitute a part 
of the network proper. 

Because this network is so closely concentrated and 
has such a large block of load, the problem of re-starting 
in the event of a shut-down would be a rather difficult 
one. In order to prevent such a shut-down, a consider- 
able battery reserve is provided, but the principal 
dependence is placed on methods of sectionalizing in 
the a-c. supply, which are dealt with elsewhere in 
this paper. 

For the remainder of the general lighting and power 
load, a radial system of supply is used, and the secon- 
dary system normally consists of low-tension secondary 
mains, which are confined within one city block. Each 
city block contains a secondary unit with sufficient 
transformer capacity near the electrical center to take 
care of the total load. This secondary is supplied from 
radial 4000-volt, three-phase, 4-wire feeders from the 
substations. In the case of the larger customers, such 
as industrial plants, theaters, hotels, ete., continuity of 
supply is insured by the use of either. automatic or 
manually operated “‘throw-over’” switches. This load 
is normally supplied from one 4000-volt feeder, but in 
event this feeder fails, the customer’s electrician may 
transfer the load quickly to a connection from the near- 
est adjacent feeder. Each of these feeders or circuits 
is loaded only to the point where it is possible to transfer 
the load from any feeder to several adjoining, through 
pole-top disconnecting potheads or switches, without 
appreciably overloading the circuits. 

The method of distributing to the elevated lines and 
surface lines has already been mentioned under the dis- 
cussion of the 25-cycle system. The most modern 
railway system is that supplying the Illinois Central 
Electrification, a 1500-volt d-c. system which uses very 
nearly the equivalent of a solid secondary network 


ARMBRUST AND LECLAIR: POWER SYSTEM OF CHICAGO TERRITORY 


Transactions A. I. E. E. 


under normal conditions. The various sections of this 
secondary system are connected together only through 
the substations and through tie stations equipped with 
high-speed circuit breakers. After several preliminary 
adjustments, the d-c. high-speed circuit breakers have 
been found to be selective under practically every 
operating condition and will clear faults without an 
interruption of service, except on the section where 
the fault occurs, and without flashing over of converters 
under direct short circuit. This system has been dis- 
cussed in detail in the General Electric Review. 


Large wholesale customers with a power load in one 
plant of approximately 500 kw. or more, are supplied 
from independent substations fed at 12,000 volts. 
With the exception of the largest installation, these 
substations are connected to industrial rings out of 
company-owned substations. These industrial rings 
may carry from 1 to 9 customers each, and the ring is 
looped through a high-voltage bus at the customer’s 
substation. The two ends of this ring come back to the 
same substation, but are connected to different busses 
across a bus tie circuit breaker which is normally open. 
A typical example of this system, showing the connec- 
tions and the relaying used for selectivity, is indicated 
in Fig. 3. 

D. Substations. Practically all the secondary sys- 
tem, including most of the large customers having 
12,000-volt supply, is fed through substations. The 
relative proportion of the classes can be seen from the 
following tabulation of substation capacities in Chicago 
to feed the different classes of load: 


4-Kov. distribution 


Attended Substations.............. 452,000 kw. 
Remote Controlled Substations ..... 272,600 “ 
Totals tease ore Otte: Ota 724,600 “ 
Railway Substations;..2-2..500.04 00888 108,700 “ 
D-C. Light and Power Substations...... 158,675 “ 
12-Ky. Industrial Substations........... 421,815 “ 
Totals... een sae oR Oe es 1,413,790 kw. 
NUMBER OF SUBSTATIONS 
4-Kv. distribution 
Attended ::2.850.43 os.3 se ohos Boe ee 15 
Remote Controlled)... eeeeceacc sees 26 
Rail Way x i4.0 te soc erdolew Rais a OL an ee eee 14 
D-C lightyand /Powerseecaaenene. meer nee 13 
Combination 4-Ky., Rwy. or D-C............... 14 
Combination Ry y sand 1) =Cee wae. tenn eee 2 
12K ve Industriel spree eet one tor oseo ors eed a, cea 219 
AL Ota wae 2 cre Mnehe ce eys * howeh ois tak eve herein eee 303 


This includes 14 substations which also have 25- 
eycle equipment. 

The supply to each major substation comes from one 
of the generating or distributing centers. Classified 
according to the source of supply the number is as 
follows: 
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GSalumett Stations sackler eee we 11 
Crawiordistaion. aur shits at: 18 
Hisk-Quarry Station. oh. 2. 06:6< +6 29 
INorthwestio ution. cern. ania <> > 16 
Washington Park Station.......... 10 
TT cuales Meo cn ctholatas ont see ences 84 

E. Centers. As previously mentioned the 60-cycle 


system in Chicago is concentrated about five major 
centers. These centers are fairly well located geographi- 
cally in order to get an economical distribution of the 
load. Fisk Street and Quarry Street are separate gen- 
erating stations, but they are connected together at the 
generated voltage and are here considered as one station. 
The capacity is steam generating equipment and the 
loads at these centers are as follows: 


Coincident 
Station Steam capacity load 
Northwest....... 60,000 kw. 156,000 kw. 
Cra wiordareime ee 424,000 “ 2212000 Fx 
Lit gaeen ¢ ob otek de 50,000 “ 120,000 “ 
Ouarry. see ork 28,000 “ 70,000  “ 
Washington Park. 66,000 “ 
Calumetveancanors 188,000 “ et 2.000% = 
750,000 kw. 745,000 kw. 


In the surrounding territory the corresponding gen- 
erating capacity and loads are as follows: 


Estimated maxi- 


Generating mum coincident 
Subdivision capacity load 
———————— 60 Cycle 60 Cycle 
Public Service Company of 
Northern Illinois 
Waukeran2.4.-2..¢- =. 116,250 kw. 20,500 kw. 
IDNR Panos Soe c Oe 250m 45,500 “ 
Electric Junction...... 5,000 “ 8,500 “ 
Joliet-Streator........ AO) by 27,000 “ 
South Suburbs........ 41,400 “ 36,500 “ 
West Suburbs (includes 
Bellwood) anes AMS) 60,000 “ 
MovaluPs os COs « 222,500 kw. 198,000 kw. 
No. Ind. P. S. Co. (Aetna 
System only):.......... 30,900 kw. 58,000 kw. 
Western United........... 32,000 “ 26,000 “ 
Ill. Northern Utilities...... 24,000 “ 18,000 “ 
Rockford Hlectric......... 38,000 “ 28,000 “ 
Powerton (Portion of Cap. 
Available to Chicago).... 60,000 “ 
Statey Lanes. ces eras 3 200,000 “ 
Total euteed: geet 607,400 kw. 328,000 kw. 
Grand Total...... 1,357,400 “ 1,073,000 “ 
F. 12-Kv. Station Sectionalizing. As mentioned 


briefly in the description of the 25-cycle system, those 
60-cycle substations which supply the downtown or 
d-c. district have their capacity divided into two halves, 
each half being supplied from separate parts of the 
12,000-volt transmission system. These two parts are 
arbitrarily called the red system and the blue system. 
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This separation between parts is carried back to the 
generating station, as indicated in Fig. 4. The method 
of sectionalizing is not quite the same in all substations 
but the general scheme originated to supply the down- 
town substations and was applied more or less as in- 
dicated. This method of sectionalizing is applied only 
to the smaller generating stations, that is, a station 
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which has a capacity on the order of 150,000 to 200,000 
kw. in generators plus transformers. No separation is, 
therefore, necessary purely to reduce short-circuit 
currents. Each outgoing 12,000-volt line is connected 
not directly to the main bus but to a line bus which in 
turn may be fed from either one or both of the main 
busses. Under normal conditions in a station of this 
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type, each line bus is connected to both main busses. 
The generators are equipped with an overload relay 
which operates in case of a severe disturbance, but does 
not disconnect the generator. Instead it operates a 
sectionalizing relay which disconnects each generator or 
transformer from one of the two main buses, leaving it 
connected to the other, and also disconnects each line 
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bus from one of the two main busses. A balance is 
maintained so that approximately half the capacity and 
half the load will be connected to each main bus, but 
there will be no connection between the red system and 
the blue system after the sectionalizing operation has 
taken place. 

This sectionalizing operation must be distinguished 
from any normal protective relay operation, because it 
does not disconnect any portion of the equipment from 
service. It is merely a precautionary measure which 
will prevent spreading of a severe disturbance beyond 
reasonable limits. As a precautionary measure, it 
therefore takes precedence over the normal relaying and 
is accomplished as quickly as possible. The operation 
or maloperation of other relays and circuit breakers will 
then not spread a disturbance to more than half the 
station and connected load. This sectionalizing does 
not occur for ordinary line faults. 


The foregoing simple method of sectionalizing is not 
satisfactory for much larger stations, because of the 
concentration of available short-circuit energy. For 
the largest stations, the plan illustrated in Fig. 5 can be 
applied. This plan can be used for a center of infinite 
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capacity simply by extending each main bus to include 
an indefinite number of units with reactors between 
sections plus a reactor between the red system and the 
blue system at each end of the main bus. The principal 
difference between this system of connecting the red and 
blue systems and the one previously described is that 
the two systems are not solidly connected together but 
are tied through reactors. This puts a limitation on the 
operation, so that a line bus is normally connected to 
only one main bus. The balance between capacity and 
load on the two systems is maintained as before, and a 
reasonable amount of interchange can be effected across 
the reactors at theend. These reactors have a relatively 
high ohmic value, so that a short circuit on one bus will 
not cause a severe reduction in voltage on the other 
busses. Itis therefore unnecessary to open these reactor 
ties automatically in the event of disturbance. 

The reactors between sections of each main bus are of 
lower ohmic value, so that there will not be a great 
voltage displacement between sections under load. 
They are required only to reduce the short-circuit 
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current and will pass a considerable load current when 
generators are out of service. 

For a station having a capacity intermediate between 
the largest and smallest, the reactors may be installed 
between sections of each main bus without using the end 
reactors, or, on the other hand, the end reactors may be 
used without having the intermediate reactors between 
sections. The reactors between sections are used in 
Crawford Station and the end reactors are used in 
Calumet Station. 

G. Short-Circuit Current Limitation. To take ac- 
count of the diversity in load, the ideal would be, of 
course, to concentrate all lines and all generators at one 
point, other factors not considered. With this concen- 
tration the short-circuit current would be enormous and 
the price of circuit breakers to interrupt such a current 
would be quite prohibitive. Rather than divide the 
capacity into very small units, the compromise pro- 


- vided is the use of reactors. 


On the Chicago 12-kv. system every line consisting of 
3-conductor cable emanating from a generating station 
or distributing station is equipped with reactors. For 
most lines the value of reactance arbitrarily chosen is 
14 ohm, which limits the short-circuit current to about 
13,000 amperes or well within the rating of the circuit 
breakers in case a line fails. Reactors are also used in 
the station buses as has been discussed previously. 
The use of these reactors limits the short-circuit current 
very effectively in the case of line failures which are the 
most frequent. The value of reactance chosen does not 
interfere with regulation on an underground system 
where the lines are short. 

For protection against excessive values of current in 
the event of a short circuit in the switchhouse proper, 
phase isolation has been adopted for all switchhouses 
built in recent years and for a number of substations, 
particularly of the larger type. For the larger centers 
where high capacity circuit breakers are required, the 
use of phase isolation does not greatly increase the cost 
of the switching equipment and it does permit the use of 
circuit breakers with smaller interrupting capacity, so 
the net result is an economy. As a typical example, 
the station may have a calculated short-circuit current, 
three-phase, equivalent to 2,000,000 kv-a., but the risk 
of having a three-phase short circuit is sufficiently rare 
that 1,000,000 kv-a. circuit breakers can be considered 
satisfactory for this service. The equivalent short circuit 
current in the case of a fault to ground would be only 
about 40,000 kv-a., since the ground current is limited 
by the use of neutral resistors. Each station is equipped 
with at least two neutral resistors or their equivalent 
having a resistance of 8 ohms. These resistors may be 
connected to the neutral of any generator. Where the 
station normally operates in parallel, the practise is to 
operate with only one resistor connected but with the 
control arranged to throw a second resistor in servicé on 
the opposite half of the system in the event that the 
station splits into two sections. This, then, establishes 
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a neutral for each part of the system without ordinarily 
having two neutrals paralleled in the connections which 
can feed any given short circuit. 

Inall the newer generating stations, that is, Calumet, 
Crawford, and the 60-cycle switchhouse at Fisk Street, 
phase isolation is used throughout. The circuit breakers 
for isolated phase switchhouses of this type have been 
standardized at approximately 1,000,000-kv-a. inter- 
rupting capacity. For the new distributing station at 
Washington Park, experience has indicated that the 
possibility of between phase failures in the switchhouse 
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is extremely remote. Therefore, instead of purchasing 
all circuit breakers with the highest interrupting ca- 
pacity, the line circuit breakers have an interrupting 
capacity of 550,000 kv-a. while the transformer and 
group switch breakers have an interrupting capacity of 
1,000,000 kv-a. The purpose of this arrangement of 
switching equipment is that normally the fault current 
is limited by reactors or neutral impedance to a low 
value, but in the event of an unforeseen emergency 
which would cause a three-phase short circuit the trans- 
former and group switch circuit breakers will act as 
backup protection to clear the trouble in case the line 
breaker does not. This arrangement makes further use 
of the isolation of phases in reducing the cost of switch- 
house with concentrated energy. 

H. General Protection Scheme of the 12-Kv. System. 


The protection of industrial loops fed from substations’ 


has already been discussed. The remainder of the pro- 
tection for lines is comparatively simple. The standard 
procedure is to use an inverse time induction overload 
relay at the source end of the line to the substation and 
to use a reverse power relay at the substation end set to 
trip with power flow away from the substation. These 
reverse power relays have a low current setting and also 
a low time setting, since the wattmeter element has its 
contacts open under normal conditions. Each line is 
equipped with three relays which will take care of either 
single- or three-phase faults. The value of current 
which will flow through the neutral resistance is high 
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enough to insure tripping of the reverse power relay at 
the substation end under the condition of minimum 
fault current. 

A few of the direct 12-kv. lines are equipped with 
overload relays at the generating station end and pilot 
wire relays at both ends instead of using the reverse 
power relays at the substation end. This is used on 
lines which are short and by this application the time of 
operation is considerably reduced without increasing 
the cost. 

Generators are equipped with sensitive instantaneous 
differential relays. They are not, however, equipped 
with overload relays to trip the machine in case of 
severe overload. The operator is depended upon for 
this protection. 

The protection of the buses in the newer stations is 
provided by the newly developed fault bus system. 
From the fact that all these new switchhouses are 
designed on the isolated phase principle, all faults must 
necessarily be to ground. The fault bus takes advan- 
tage of this condition by actually conducting the fault 
current through the proper relays to clear the trouble. 
This is done by having no solid grounds in the compart- 
ments which contain the busses and circuit breakers, but 
having in place of the solid ground connections, 
branches of the fault bus, which are insulated and are 
connected to the main ground bus through current 
transformers and relays. The method of mounting the 
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switches on insulators is shown in Fig. 6, which is a 
photograph of the latest installation. 

The method of operation of this fault bus can best be 
explained by reference to Fig. 7. The heavy lines in 
this diagram represent high-voltage buses and connec- 
tions and the dash lines represent fault bus connections 
which are insulated but operate practically at ground 
potential. As an illustration of the method by which 
the protection is obtained, we may assume for example 
that a ground occurs on one of the switches connected 
to line bus X. The fault current then passes through 
the branch of the fault bus, the current transformer, and 
relay at H in going to ground. The operation of the 
relay opens all the line circuit breakers connected to this 
line bus and also the circuit breakers A and B. This 
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operation clears all the faulty equipment. If the fault 
should be on the line side of one of these breakers, the 
backfeed will, of course, be cleared by the line relay at 
the substation. 

A slightly more difficult condition arises from the 
failure of one of the switches supplying the line bus. 
We may assume, for example, that a failure occurs on 
switch B. In this case the ground current goes to the 
branch of the fault bus in this compartment and is 
conducted through the current transformer and relay 
J to the main fault bus, thence through the current 
transformer K to the ground bus. The relay J is given 
a very short time setting and the operation of this relay 
opens the same circuit breakers as were opened by relay 
H. Incase the fault in this compartment is on the side 
of the breaker toward the line bus, this operation clears 
the fault; if on the other hand the fault is on the side of 
the breaker toward the main bus, the fault current 
continues and operates relay K. This relay opens 
additional switches C, D, E, F, and G and kills the main 
bus in addition. 

In its effect, this system is somewhat similar to the 
conventional bus differential relay. Actually, it has.a 
considerable advantage because it does not. add the 
hazard of additional current transformers in the buses. 
In these installations there are no bus current trans- 
formers. 


I. 33,000-Volt System. The transmission system 
supplying substations in the outlying parts of the Chi- 
cago region consists of 33,000-volt overhead lines which 
are relatively long and carry loads up to 10,000 kv-a. 
per circuit. - This system is more or less of a heterogene- 
ous network which has been added to from time to time 
as the load increased in various territories. Most of the 
lines are sufficiently long so that it is not necessary to 
limit this system to one which is radial either from the 
standpoint of short-circuit current or relay protection. 
This 33-kv. system is supported by generating stations 
at various points and in addition is supplied from dis- 
tributing stations which step down from a higher volt- 
age. The most important of these stations are Chicago 
Heights and Belvidere, where power is supplied from 
the 182-kv. system, and at Bellwood where an intercon- 
nection is made with the underground 66-kv. system 
from Chicago. In the future this system will become a 
number of small groups centered about points of supply 
as shown in Fig. 18. 

This 33-kv. overhead system is also used to a limited 
extent for interconnections between the Commonwealth 
Edison Company and the Public Service Company of 
Northern Illinois. These connections are at the Craw- 
ford Station and Northwest Station. 

There is also in existence within the city of Chicago 
an inter-station tie system originally designed for 33,000 
volts, but now operating at 22,000 volts. The tie lines 
are three-conductor, 33-kv. underground cable each 
connected directly through a transformer at each end to 
the 12,000-volt buses. ‘This system is rapidly being 
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discontinued and replaced by the 66-kv. system. This 
voltage was chosen as the highest practicable for under- 
ground cable at the time and as the one which would 
permit the largest unit of line capacity. 

J. 66,000-Volt System. This system within Chicago 
is somewhat unique in several respects. As contrasted 
with the system synchronized at the load or by “loose 
linking’ the system established by these 66-kv. lines 
constitutes a rigid tie or the equivalent of a sectionalized 
high-voltage bus extending from Northwest Station at 
the north to the State Line Station at the south and as 
far west as Bellwood in the Public Service Company 
territory. The system is shown geographically in Fig. 8. 
Because this system concentrates such a large amount of 
capacity the first essential of this system is phase isola- 
tion throughout. Single-conductor cable is used so that 
faults in the lines themselves must all start. from one 
phase to ground, and, in addition, transformers are 
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single phase with barriers between units. The terminal 
bus structure is also isolated phase. This is accom- 


plished by having the phases widely separated, with 


separate single-pole circuit breakers on each phase and 
by erecting a grounded metal barrier between phases to 
prevent flashover. By the use of this phase isolation it 
is practicable to use circuit breakers of approximately 
1,000,000-kv-a. interrupting capacity. Short-circuit 
current is limited by the use of 30-ohm neutral resistors, 
one of which is installed at each high-tension terminal. 
Each resistor may be connected in the neutral of any one 
of the transformers at a 66-kv. terminal. The arrange- 
ment of the resistors under various conditions is ad- 
justed to keep about the same number of resistors on 
the red and blue systems. 

The reason for choosing the bus plan at this high 
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voltage is primarily for economy in the use of trans- 
formers. As this system includes both old and new 
generating stations, it is desirable to shift the load from 
one station to another at different times of the day in 
order to obtain base load operation for the most efficient 
plants. Under these conditions energy may be required 
to pass by one station to another beyond. Asa typical 
example, energy is normally being supplied from State 
Line to Washington Park, and farther north, passing 
through the bus at Calumet Station. At Calumet Sta- 
tion the generating capacity is nearly equal to the load 
so that a considerable saving is made by not having the 
transformer capacity equal to that of the lines. It is 
also possible to feed out from Calumet Station to the 
high-tension bus during the peak, and receive energy 
from this system at times of light load without affecting 
the conditions at other stations. The Calumet Station 
might also be completely disconnected from the high- 
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voltage system without disturbing the normal flow 
of power. \ 

A distributing station such as Washington Park can 
also receive its supply. from two directions and is not 
dependent upon the reliability of a single squrce. 

Sectionalizing at 66,000 volts is carried out to cor- 


respond with that at 12,000 volts, that is, the major 


division between the red system and the blue system 
also applies to the higher voltage. Fig. 9 shows the 
interconnections and scheme of sectionalizing. The 
circuit breakers in the busses at each station which are 
indicated as on a vertical line through the center of this 
diagram, are normally operated open and there is no tie 
between the red system and blue system at this voltage. 
In the layout of the high-voltage system, each half is 
considered separately and the lines and transformers 
arranged accordingly for proper loading. The balance 
in loading on the two halves is improved by having 
transformers paralleled on the low-tension side which 
allows some shifting of load automatically from one 
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system to the other. Because of the large capacity of 
each unit in this system whether lines or transformers, 
a further sectionalization is accomplished by the use of 
the additional bus tie circuit breakers. These circuit 
breakers are, however, normally operated closed and are 
operated only by the fault bus relays. These additional 
circuit breakers are installed in only one of the two busses 
at each station because the intention is to operate 
ordinarily with all lines on the main bus, with the 
emergency bus used only under special conditions such 
as during cleaning, repair, etc. 

Based on experience at 12 kv., the fault bus system 
is utilized at 66 kv. and is effective. With phase isola- 
tion, practically the only possible fault current must be 
to ground and the steel supporting structure is used as 
thefault bus. Thesupporting steel for busses is installed 
as a unit between adjacent bus tie circuit breakers. 
There is no connection between the steel from one side 
of this bus tie circuit breaker to the other. The es- 
tablishment of a fault bus is accomplished simply by 
insulating the steel structure from ground and providing 
a relay in the connection from this steel structure to the 
main ground bus. The relay trips all circuit breakers 
connected to the section of the bus supported on this 
part of the steel structure. 

An additional relay is required to provide proper 
fault bus protection in case any of the lines or trans- 
formers should be connected to the emergency bus 
instead of the main bus. This additional relay with a 
longer time delay than the one previously referred to, 
trips all breakers which can be connected to the same 
emergency bus and usually includes breakers on more 
than one unit of structure. If the operation of the first 
relay does not clear the trouble, the source must be some 
switch which is not on the unit of structure where the 
fault occurred and this is cleared by the second opera- 
tion. For illustration, we may refer to the portion of 
the 66-kv. diagram showing Washington Park. Let us 
suppose, for example, that the two lines and the trans- 
former at the left end of the bus at Washington Park 
were operating connected to the emergency bus and the 
remainder of the lines and transformers were connected 
to the main bus as usual. If a failure should occur on 
the switches or the bus at the left end of this structure, 
four circuit breakers would be opened and the fault 
would be cleared promptly. If, on the other hand, a 
fault should occur on the emergency bus near the section 
breaker which is between the red and blue systems, the 
first relay operation would clear all the switches between 
the center section breaker and the left section breaker. 
This operation will not clear the fault and the second 
relay with time delay is required to trip out the remain- 
ing switches which feed the fault. 

The lines are protected by a pilot wire scheme which 
gives practically instantaneous protection against either 
ground or between phase failure. This pilot wire 
method of protection is found desirable for two reasons. 
One reason is that the ordinary impedance type relay 
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or directional relays cannot be made properly selective 
under various operating conditions when the current is 
limited primarily by the neutral resistors and very little 
by the line impedance. The other reason for using the 
pilot wire relay is that for a system of this size much 
better stability can be obtained with practically in- 
stantaneous clearing of faults. 
Transformers are equipped with differential relays 
_and since most of these transformers are three-winding 
units and are equipped for tap changing under load, the 
protection scheme is somewhat complicated. A diagram 
indicating the relays used is shown in Fig. 10. In this 
diagram three-coil or four-coil percentage differential 
relays take care of the normal differential protection. 
With the use of neutral resistors the fault current which 
would flow in case of a failure near the neutral end of the 
66-kv. winding, is not great enough to trip the differ- 
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ential relays. Therefore, generator type differential 
relays are used across the two ends of the 66-kv. wind- 
ings. In such large transformer installations the most 
probable point of trouble; as indicated by past experi- 
ence, is in the tap changing unit. In this tap changing 
unit the capacity is only 10 per cent of that of the main 
unit; therefore, the fault current in case of a flashover 


between taps would not be sufficient to trip the over-all | 


balanced relays. Additional relay protection is there- 
fore installed on the tap changing unit. 

On the 12,000-volt side of the transformer, the neutral 
resistance at the station bus limits the short-circuit 
current to a value which is below the full load current 
of the unit and an additional ground relay is connected 
to this circuit which will trip off the unit in case of a 
failure to ground on either the 12,000-volt winding or on 
the single-conductor cable between the transformer and 
station bus. 

Both the 12,000-volt side of each transformer and one 
end of each transmission line are equipped with overload 
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relays having a relatively long time setting for back-up 
protection in case the proper relays fail to function. 
These back-up relays cannot be made selective for all 
conditions, but they would ordinarily not be called upon 
to operate except when some other protective equip- 
ment has failed. 

Such a system as this, using transmission lines which 
are electrically very short and which form practically a 
high-voltage bus, contains very great inherent stability. 
The synchronizing power required to pull these lines out 
of step would be far beyond the limits of the ordinary 
fault currents. For this reason no special consideration 
need be given to the stability problem as it would be on 
a system containing long overhead lines. 

The voltage regulation of the 66,000-volt bus system 
did not offer any design problems. These lines are so 
short that under the maximum expected operating 
variations, the greatest difference between voltage at 
any two points on the system is from 2 per cent to 7 per 
cent. The transformer impedance is relatively high 
compared to that of the lines, but the regulation on the 
transformers is taken care of at each station without 
reference to any other point on the system. The setting 
of transformer taps is adjusted under load so that each 
station may maintain the desired voltage on its low- 
tension bus with the load which it requires from the 
high-voltage system and with the high-voltage bus 
maintained at approximately rated voltage. One 
rather beneficial influence in connection with regulation 
is the charging current of the 66-kv. cables. With the 
number of lines in use in 1980 the charging current is 
about equivalent to that which would be supplied by a 
50,000 kv-a. synchronous condenser. This charging 
current helps to improve the power factor on the gen- 
erators, but is supplied in small enough units that no 
disturbance is caused by its connection or disconnection. 

K. 182-Kv. Interconnections. The interconnec- 
tions of the Commonwealth Edison Company with the 
adjacent companies, are made by means of 182-kv. 
overhead lines. The impedance of a 132-kv. line is 
comparatively high when the line covers an appreciable 
distance. This feature permits a considerable displace- 
ment of phase-angle between voltages of two inter- 
connected systems, where there is an interchange of 
power over the line. 

Up to the present time, the stability feature of 132-kv. 
lines did not appear as a serious operating problem, 
partly because the loads carried on the lines were con- 
siderably below the probable stability limit and partly 
because the important lines were comparatively short. 
However, when an attempt was made to operate in 
parallel with another large system of a size comparable 
to that of this group, it was found impossible to keep 
the two systems together without an undue amount of 
regulating at generating stations. The amount of power 
which could be transmitted through this comparatively 
weak tie, was not sufficient to prevent the systems from 
drifting apart in phase-angle, even when running in 
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synchronism. It is evident that in spite of all the efforts 
of the operator, during an emergency switching on either 
end of this line, the line is likely to trip out, separating 
the systems. 

Lightning storms are quite frequent in this territory 
and most lines are protected by both lightning arresters 
and ground wires. Some lines are also protected by 
arcing rings. At the Devon Avenue Terminal which is 
the junction between the overhead line and the six miles 
of underground cable, the absorptive effect of the cable 
is relied upon to take the place of lightning arresters. 

The general arrangement of the 132-kv. system is 
shown in Fig. 11. 


VI. A. Load Control. For the most economical 
operation of the system, accurate control of load divi- 
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sion between separate stations of the network is of 
great importance. The Commonwealth Edison Com- 
pany is using a system by means of which the load of 
each generating station is automatically indicated at the 
Load Dispatcher’s Office and, at the same time, an 
indication of the total load is sent back to each generat- 
ing station. With this scheme, each station operator 
has before him the total system load as well as his own 
load. With the aid of special charts showing the divi- 
sion of load between individual stations for any given 
total system load, the operator at each station knows 
his responsibility for the allotted portion of system load 
without telephone instructions. These charts are pre- 
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pared by the Load Dispatcher in cooperation with other 


departments in such a way as to take into account in- 


dividual station performance, availability of generator 
capacity, etc. Departures from these schedules take 
place only when one station is unable to meet its in- 
dividual responsibility. The same scheme is used on 
both 60-cycle and 25-cycle systems. 

The system for transmitting meter readings is that of 
electric impulses, the number of which is proportional 
to the station load. These impulses are transmitted to 
the Load Dispatcher’s Office over a leased telephone 
circuit where the impulses are totalized and converted 
into meter readings by a series of special relays and 
differential gears. 

The same telephone circuit is also used to transmit 
the totalized load back to the individual stations.°® 

~B. Frequency Control. Until a few years ago there 
was no other method of frequency control but manual 
regulation. A fairly satisfactory performance. was ob- 
tained which was considerably better than the official 
limits imposed by the Illinois Commerce Commission. 
The permissible variation in frequency is 3 cycles, while 
with the manual control the usual departure did not 
exceed 14 cycle. 

With the advent of synchronous motor-driven clocks, 
and more rigid interconnections in this region, the 
question of uniform and accurately measured frequency 
became of great importance. Recently a very accurate 
graphic recorder of the frequency appeared on the 
market and, at the same time, several schemes of auto- 
matic frequency control were tried out and some of them 
found fairly satisfactory. The Commonwealth Edison 
Company developed an automatic frequency control 
scheme which has some features of its own. With this 
scheme it is not only possible to keep the instantaneous 
frequency of the system within about 1/20th of a cycle, 
but also to correct any cumulative error which might 
result from a slight instantaneous error and therefore 
affect the time reading of the synchronous clocks. With 
this time correction feature, it is possible to hold the 
time on synchronous clocks normally within two or 
three seconds of the correct value. 

C. Reserve Capacity. It has been commonly said 
that, on any power system, a cold reserve is no reserve 
atall. For this reason, it is the practise to keep running 
at all times sufficient generating capacity to permit the 
instantaneous loss of the largest single unit. With the 
very close interconnections which exist in the Chicago 
region, it is not necessary that each company maintain 
a reserve at its own stations. The practise is to pool 
the capacity for all the stations in this district and main- 
tain at least sufficient running reserve in the district to 
allow for the loss of the largest unit. ‘The approximate 
total reserve which can be called upon, as indicated in 
the tabulated loads and capacities, is 285,000 kw. This 
total reserve is not ordinarily called upon and may not 
be running, but in the event of any unit tripping out in 
an emergency, sufficient additional capacity is immedi- 
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ately started to restore the condition of having running 
reserve equal to the largest unit. 

D. Abnormal Conditions. The design of the trans- 
mission system should be such that an instantaneous 
loss of generating capacity will not seriously overload 
the transmission lines under the abnormal conditions. 
In this particular case, such a problem is not at all 
difficult to solve. The newer stations and the ones 
having the largest units are also both the largest and the 
most efficient, so that the normal flow of power is from 
the large stations to the small. Hence the loss of one of 
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the large generating units effects a reduction rather 
than an increase in the load to be transmitted through 
the high-voltage system. This tends to increase further 
the stability of operation. 

E. Voltage and Control. As distinguished from 
systems where the greater proportion of energy is trans- 
mitted over long distances, voltage does not fluctuate 
appreciably with normal changes in load. In fact, it 
has not been found desirable to supply any of the gen- 
erators with automatic voltage regulation. In the 
generating plants, practically all the voltage control is 
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accomplished with manual adjustment of the field on 
the generators. By this adjustment it is possible to 
maintain a higher voltage during load periods to par- 
tially compensate for line drop. Inastation where there 
is little generating capacity compared to the load re- 
quirements, such as at Fisk Street, this field control 
must be supplemented by the operation of tap-changing 
units on the transformers connected to the high-voltage 
system. All of the transformers connected to the 66-kv. 
system, as previously mentioned, have tap changers for 
the control of voltage under load, and these tap changers 
maintain steady regulation for all practical purposes. 

F. Stability of Operation. The problem of system 
stability under normal and emergency conditions does 
not appear to be of great importance for a very compact, 
large system tied through low impedance high-voltage 
ties, as is the case with the 60-cycle system of the Com- 
monwealth Edison Company. This condition holds 
true as long as the amount of power which can be de- 
livered to a fault remains rather small in comparison 
with the total generating capacity of the system. Re- 
actors on 12-kv. lines, neutral resistors on 12-kv. and 
66-ky. systems, and transformer and line impedance on 
132-kv. lines, are sufficient to limit short-circuits to 
values which can be safely handled by the circuit-break- 
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ers and which are well below the instability condition 
for the system. 

An ample synchronizing power between the individ- 
ual units and between generating stations, and well 
damped governors on the prime-movers, insure stability 
of generators connected to the 60-cycle bus bar. With 
the frequency changers in operation between the 25- 
cycle and 60-cycle systems, there is an oscillation of 
power between these systems. This oscillation amounts 
to approximately 5000 kw. above and below the average 
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load. It is merely a series of momentary swings and 
shows no indication of instability. 

Until the present time, no consideration has been 
given to the installation of high-speed excitation on the 
generators or to the improving of governor response, 
as there has been no apparent need of these refine- 
ments for a system in the Chicago area proper. The 
problem of stability of future transmission lines will 
depend largely on characteristics of the outside gen- 
erating stations from which the energy will be trans- 
mitted and upon the characteristics of transmission 
circuits rather than upon the receiver end, that is, the 
Chicago system proper. The 66-kv. network which is 
likely to receive this energy from outside may be con- 
sidered as a very large bus, with both generators and 
load directly connected. The proportion of the total 
synchronous equipment which is concentrated is large 
enough so that outside influences do not produce no- 
ticeable disturbance. 

To illustrate the inherent stability of the present 
system, cases may be cited of main bus failures which 
have occurred in the generating station prior to the 
installation of the fault bus and continued as long as 15 
minutes without the loss of any generating capacity. 

VII. Service Record—60-Cycle. Faults in the 12-kv. 
underground system, whether phase to ground or phase 
to phase, produce no appreciable effect on the remainder 
of the system except a slight flicker of the lights in the 
zone fed by the substation to which the faulty cable 
line is connected. Approximately the same effect is 
produced by failures on 33-kv. and 66-kv. underground 
lines. Since the installation of the pilot wire scheme of 
relay protection on 66-ky. lines, there were two failures 
of underground cable caused by mechanical injury 
to cable sheath. In both cases the relays and switches 
cleared the faulty line in a small fraction of a second, 
causing no interruption of the service at any point on 
the system. 

A failure at the station itself, both on the 12-kv. and 
66-ky. systems, is cleared by means of the fault bus. 
Since the installation of the fault bus there were several 
operations under actual service conditions on the 12-kv. 
system. In some cases, the action was so prompt and 
the resultant burning so slight that considerable diffi- 
culty was experienced in locating the point of fault. 
Until the present time there have been no service 
operations of the 66-ky. fault bus installed on the out- 
door structure; however, tests made under actual service 
conditions with a solid ground applied and full service 
voltage on the 66-kv. bus, gave perfect protection, 
clearing the fault in about 4% second, with no distur- 
bance of any kind to the remainder of the system. 

Failures of generators at the station are not frequent 
but when they occur, the effect of the failure upon the 
system is not sufficiently severe to cause any interrup- 
tion of service, since there is enough generating capacity 
kept running on the system to take care of any addi- 
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tional increase in load, comparable to the size of the 
largest unit in operation. 

A large number of short-circuit tests has been made 
with currents ranging up to 30,000 amperes, three-phase 
at 12,000 volts during the past two years. The distur- 
bance to the system was negligible so long as the time 
of short circuit was kept to two or three cycles. 

VIII. Prospective Development. The future de- 
velopment of this transmission scheme is based on load 
estimates for the entire region projected from five to ten 
years in the future and a survey of the possible and 
desirable sites for generating capacity to meet this 
demand. Within the city of Chicago it is planned to 
extend the 66,000-volt underground system which con- 
stitutes a duplicate bus extending through the city and 
interconnecting the generating stations. This will be of 
sufficient capacity to transmit the output of large 
efficient stations to load centers where it is not feasible 
to provide such generating capacity. This will permit 
the free transfer of reserve capacity and most economi- 
cal use of efficient units. 

In order to improve efficiency of transmission and as 
far as possible to limit concentration of energy at dis- 
tribution points additional 66-kv. distribution stations 
similar to the Washington Park station will be provided. 
These will be supplied from the 66-kv. transmission 
system and distribute energy at 12,000 volts to sub- 
stations. 

Surrounding the city is an outer ring of 182-kv. over- 
head lines which will tie into the 66-kv. system at 
several points and extending outward to interconnect 
stations more remotely located. 

As the future increase in generating capacity within 
the city is limited an increasing proportion of the 
energy required will come from stations outside, some 
located at considerable distances. Transmission of 
large amounts of energy from the more remote sources 
into Chicago will be by means of overhead lines at 182 
ky., 220 kv., or higher voltage and stepped down to 66 
kv. at points as near as practicable to the load centers. 

The basic conditions of the system will be changed in 
the future as a larger portion of the energy comes from 
more distant sources instead of from sources near the 
load center. The reliability of service required for this 
metropolitan load must still be maintained. Stability 
of long lines and lightning protection, two influences 
which have not heretofore been a factor, will become 
major problems when these heavily loaded long circuits 
are relied on as a continuous source. 

With the development of generating stations of the 
order of 1,000,000 kw. outside the load center and with 
limited rights of way for tower lines, circuits must be 
designed for and operated at the maximum loading. 
This will require much research and study, to develop 
both overhead lines and underground cable for higher 
voltages and greater loads, also to apply the proper 
facilities for load and voltage control. 
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The Fundamental Plan of Power Supply 


of the Detroit Edison Company* 
BY S. M. DEAN} 


Member, A. I. E. E. 


Synopsis.—Experience indicates that if electric ight and power 
systems are to expand indefinitely without enormous obsolescence 
charges a carefully coordinated engineering plan must be adopted 
and, as far as practicable, system extensions fitted to it. This paper 
sets forth the principles involved and the plan adopted by theDetroit 
Edison Company. 

The description of the area served and the classification of cus- 
tomers indicates that the system is essentially of the metropolitan 
substation type supplemented by a 120-kv. transmission system. 

The importance of selecting proper circuit voltages and arrange- 


I. SERVICE REQUIREMENTS 

HE territory served by the Detroit Edison Com- 

pany comprises 4400 sq. mi. in the southeastern 

part of the State of Michigan with a population 

of 2,190,000 people. The east central portion of the 

area is the city of Detroit which comprises some 2 per 

cent of the areas served but in which are concentrated 

76 per cent of the people and 80 per cent of the power 
requirements. 

Along the eastern boundary of the district is a series 
of great water ways, the St. Clair River, Lake St. Clair, 
the Detroit River, and Lake Erie, which furnish an 
abundant source of cooling water and on which are 
located the four steam power plants operated by the 
company. The general topographical character of the 
district is featureless, the country is flat and level, and 
there is no water power of consequence available. In 
addition to the city of Detroit, there are located in the 
district 20. smaller cities and 66 villages. 

The city of Detroit may be divided, for purposes of 
studying the electrical load requirements, into three 
classes of districts: (Fig. 1) 

1. The general business and commercial area at the 
center of the city in which is concentrated the business 
life of the district and which shows an average load 
density of 25,000 kv-a. per sq. mi. and requirements of 
100,000,000 kw-hr. per sq. mi. per year with maximum 
values in smaller areas of double that. 

2. Industrial areas occupied by the manufacturing 
companies which are distributed in a rough circle around 
the heart of the city and at some distance from it, with 
a marked tendency to stick very closely to the railroads. 
This industrial area has an average load density of 
17,000 kv-a. per sq. mi. and average requirements of 
50,000,000 kw-hr. per sq. mi. per year. 

+Senior Engineer, Engineering Division of the Detroit Edison 
Company, Detroit, Mich. 

*Part II of a Symposium on Power System Planning. 


Presented at the Winter Convention of the A. I. E. E., New York, 
N.Y., January 27-31, 1930. 


ments and their bearing on service reliability, system simplicity, 
and cost is discussed. 

The underlying principles and the ‘‘Loose Linked” Power Area 
Plan adopted to accomplish those principles is set forth. This is 
supplemented by the plan for short circuit and stability control and 
the resultant classification of substations, power sources, and pro- 
tection schemes. 

Those characteristics of major electrical equipment affected by the 
plan are outlined. 

Operating procedure and results are given. 


3. The residential districts which fill in the gaps 
between the downtown commercial area and the indus- 
trial districts in the outskirts of the city and which ex- 
tend beyond into suburban or country areas. Load 
densities and requirements in residence districts are 
small in comparison with the density encountered in 
commercial and industrial areas running from 60 kv-a. 
per sq. mi. and 200,000 kw-hr. per sq. mi. per year to 
4500 kv-a. per sq. mi. and 12,500,000 kw-hr. per sq. mi. 
per year in the thickly settled districts. These latter 
densities occur where the residential areas include rather 
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large amounts of commercial lighting in the form of 
stores and shops and also apartment houses. 

Much of the transmission within the city of Detroit 
is by underground cable placed in conduit, and all lines, 
both transmission and distribution, are underground 
in the more congested portion of the city by require- 
ment of municipal ordinance and public opinion. In 
the residential areas of the city, distribution is by over- 
head lines, and outside of the city area both transmission 
and distribution are overhead. 

The system peak load is about 550,000 kw. and the 
output of the power plants on the order of 2} billion 
kw-hr. per year. The annual load factor for all classes 
of service is about 55 per cent, whereas the daily load 
factor often runs as high as 70 per cent. The entire 
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system area lies within the same time zone. The load 
carried by the power houses is characterized by the 
fact that half of the energy is delivered to less than 500 
very large industrial and commercial power customers 
ranging in size from 100 to 15,000 kv-a. In direct 
contrast to this, is the fact that only 12 per cent of the 
energy is delivered to 450,000 residence customers. 
The company has only a small street railway load 
amounting to less than 7 per cent of the total. Fig. 1 
shows the character of the area served. 

It is evident at once that an electrical system to serve 
such a territory will be essentially a substation system 
by reason of the many large industrial customers and 
the large proportion of low density residential and 
commercial area which can be well served by overhead 
lines. Since most of its load lies within the city area, it 
will be in large part a metropolitan underground system. 
Also, since power plants are of necessity located along 
the waterways on the edge of the territory served, and 
there are relatively large blocks of load located some 
distance from them it will be, in part, a transmission 
system. 

II. SELECTION OF VOLTAGES 


The importance of the selection of proper voltages 
and circuit arrangements early in the development of a 
system cannot be overemphasized. The voltages and 
circuit arrangements employed by the Detroit Edison 
Company are essentially well fitted to their tasks and 
much of the simplicity of the system as planned is due 
to that fact. 

A 4800-volt, three-phase, zsolated neutral system was 
early selected for distribution to industrial customers 
and was later extended to serve residential and com- 
mercial lighting customers. That voltage is sufficiently 
high to care for any overhead distribution densities 
likely to be encountered in residential, commercial, 
and small power areas for some time to come and in the 
underground areas is quite adequate for customers up to 
10,000 kw. demand or more. It is also low enough to be 
reasonably safe for overhead construction in streets and 
alleys and switchgear and regulating requirements are 
not burdensome. Also, the fact that the circuit is 
isolated neutral and the further fact that ringed primary 
mains are employed makes it quite possible to operate 
without more than momentary interruption to service 
with a wire down on the ground, that is, grounds do not 
usually cause short circuits. This is most important 
from the service point of view. 

A 24,000-volt, solidly grounded neutral system is 
employed to feed substations; 24,000 volts was selected 
as being low enough to be safe for the three-conductor 
cables used within the city and high enough to serve 
reasonably the outlying substations through overhead 
lines. That voltage is also high enough to serve 
for some time to come, any probable power re- 
quirements over any distances likely to be encountered 
in the underground district. It is also high enough to 
permit the transfer of large blocks of power between 
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generating centers by operating a reasonable number of 
cables in parallel (see Fig. 2). This eliminates for some 
time to come the necessity for a higher voltage step for 
bulk power transfer underground with all that that 
means in the elimination of costly and hazardous 
switchgear and in added transformations. 

The two generating plants located within the city 
load area (Delray and Connors Creek) deliver energy 
at 24,000 volts. 

For the two generating stations more remotely located 
from their load areas (Marysville and Trenton Channel) 
120 kv. solidly grounded neutral transmission is em- 
ployed. This transmission system also serves as a back- 
bone for the outlying portion of the area served. Again 
this voltage is sufficiently high to give convenient bulk 
transfer of power, both within the system and for inter- 
connections. Fig. 2 illustrates the general transmission 
layout. 

III. FUNDAMENTAL PLAN 


Principles. The underlying principles which served 
as guides in the Detroit Edison Company’s system 
plan are as follows: 

1. It is not necessary or advisable to operate the 
Detroit Edison Company’s electrical system as a single 
unit, but rather to operate it as a group of power areas 
each served at 24,000 volts, by its own power house or 
large step-down substation. 

These power areas shall be loosely connected for 
purposes of synchronizing and interchange of power, 
but so arranged that, when an uncontrollable distur- 
bance breaks loose in any power area, that power area 
shall disconnect itself from the others, taking with it 
only its own load area. The boundaries of these power 
areas shall, where necessary, be flexible to permit of 
reducing the size of an area while reconditioning gen- 
erating equipment. 

2. Any acceptable system plan should be capable of 
indefinite expansion without recourse to major changes 
of switchgear or other electrical equipment, that is, 
without unreasonable obsolescence. Practically, this 
means the system must be designed for a maximum 
short-circuit duty consistent with available switchgear 
and still be stable under operating conditions. 

3. The plan adopted shall result in a simple system, 
in order: that it may be practically operative and less 
likely to fault through sheer mass of equipment 
involved. 

4. Substations and generating stations should be 
reduced to a minimum number of standard types and 
sizes employing, as far as conditions permit equipment 
essentially standard with the electrical manufacturers. 

5. Since the greater part of serious electrical operat- 
ing troubles arises from the malfunction of switchgear 
or its accessories, it is good business and good engineer- 
ing to eliminate (particularly on those parts of systems 
having grounded neutrals) as much switchgear, bus 
work, and accessories as possible. This tends toward 
the use of added cables and transformers to secure 
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reliability of service, but added cables, and to a lesser 
degree added transformers, result in reduced losses, and 
what is equally, if not more important, in reduced duct 
heating. Cables also have a relatively high salvage 
value. Cable faults, being underground and away 
from substations, are not likely to result in a general 
shutdown of a substation or power house. Also trans- 
former fires are very rare, and if reasonably simple 
precaution is taken, this hazard can be controlled. 

6. As far as practicable, it is better to avoid the use 
of current limiting reactors in feeders, using them rather 
for sectionalizing purposes. 

General Plan. The general plan which has been 
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that is, “loose linking” is a function of relaying and not 
of power transfer. These “‘interlinking cables’ are used 
for day to day transfer of power between power sources 
to get best over-all operating economy. The only 
stipulation is, that with the largest machine down for 
repairs, the size of the power area as determined by the 
“pull apart” points in the “interlinking cables’ shall 
be such that the loss of the largest running generator in 
that power area, or the loss of its ‘Snterlinking cable’’ 
ties with one neighboring power area, shall not leave 
that power area with load in excess of its ability to 
carry it. 

The “pull apart” points referred to above are es- 
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adopted to carry out the principles set forth is illustrated 
by Fig. 2. It consists of a number of 24-kv. generating 
stations or 120-kv. step-down substations (Class “D’’) 
each of which feeds what is termed a “‘power area.” 
Within the city these Class ‘““D’’ power sources are 
connected together by what we have termed ““nter- 
linking cables.” These “interlinking cables’? are so 
relayed that, should an uncontrollable disturbance occur 
in any one of the step-down substations or generating 
stations, or their connected 24-kv. cables, they will, as 
a last resort, open, leaving the power area in trouble to 
go its own way rather than unduly disturb the rest of 
the system. This is what is technically known as “loose 
linking.” It is evident at once that those cables may be 
of any reasonable number and still be “loose linked,” 


sentially at the points marked PA on Fig. 2. The 
separation is accomplished by proper settings of the 
inverse time overcurrent “back up” protection and gives 
sufficient time for first and second line defense relays 
to clear the fault, if that is possible. 

In the suburban areas, the Class ““D’’ power sources 
largely feed into a network of 24-kv. overhead lines 
where short-circuit duty is a relatively simple problem. 
This network constitutes so loose a tie between Class 
“D” substations as to be negligible and entire depen- 
dence is placed on the 120-kv. lines for holding the sys- 
tem in synchronism. 

With one exception, the control of voltage and wattless 
ky-a. between power areas is to be accomplished by tap 
changing regulating transformers installed in the “inter- 
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linking cables’ between power areas and between the 
halves of the 120-kv. bus at Trenton Channel. That 
exception is Northeast Substation (Class ‘‘D”) where 
synchronous condensers are required because of the 
longer transmission distance. 

It is evident at once that such a system can be ex- 
tended indefinitely by connecting additional generating 
or step-down stations into the ring of “interlinking 
cables,”’ provided the through impedance of the sections 
of “interlinking cables” between stations is kept up to 
the same value. For this system the maximum value 
is approximately 20 per cent on 100,000 kv-a., which is 
reasonable from the standpoint of stability. 

Short Circuit Duty.—After considerable study, the fol- 
lowing criterion for short circuit duty was adopted: 


For 4800 volts—250,000 ky-a. maximum 
Ce 24 ky. —1,250,000 kv-a. maximum 
“120 kv. —The nature of the 120-kv. system does 
not lend itself so readily to maximum 
short-circuit control, but it seems rea- 
sonable to assume that we can keep 
within 2,000,000 kv-a. 


In arriving at these allowable short-circuit duties, it 
was necessary to take account of the types of generating 
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stations and substations, as well as the methods of 
interconnecting them. To meet those limits, and to 
reduce high-voltage switchgear to a minimum, the 
following types of substations were adopted. (These 
types are illustrated in Fig. 3.) 


Class ‘‘A” Substations serve areas of essentially 
residential and small commercial character. Each 
transformer is fed by a 24-kv. cable going directly into 
its tank. The 4800-volt buses are not interconnected. 
When a cable or its transformer fails, its load is auto- 
matically thrown on to the spare transformer capacity 
with an interruption of about one second. As far as 
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practicable, each transformer is fed from a separate 
Class ““D”’ or Class “B’’ Substation. Their interesting 
features are: they have no 24-kv. switchgear, they do 
not interconnect Class “‘D’’ power sources, and they 
have permanent maximum short circuit duty on the 


_4800-volt side. 


Class ‘‘B’”’ Substations are equipped with 24-kv. 
switchgear and serve as feeds to Class “‘A”’ Substations, 
feeds to transformers located on the premises of large 
industrial customers and feeds to their own complement 
of 4800-volt subtation equipment. They also serve as 
blocks of load which may be transferred from one power 
area to another as required, ormay, as is usually the case, 
be the connecting link between two power areas. Fig. 2 
shows the three Class “B’’ switching substations now 
planned for the metropolitan area. These Class “B” 
substations are so designed that, at a later date, they 
may be converted into points at which “bulk power”’ at 
high voltage may be fed into the 24-kv. system, that is, 
into Class “‘D’’ Substations. 

Class “‘C’’ Substations serve industrial or metropoli- 
tan underground areas where it seems inadvisable to 
have even one second interruptions in the event of 
transformer or 24-kv. cable failures. The 24-kv. cables 
run directly into the transformer tanks and the trans- 
formers are connected together on the 4800-volt side 
through a star connected synchronizing or “‘equalizer”’ 
bus. Each transformer is connected to a separate bus 
section in the same Class ““D” source of power. The 
interesting features are: they have no 24-kv. switch- 
gear, they do not interconnect Class ‘‘D’’ power sources, 
they have a permanent maximum short-circuit duty on 
the 4800-volt side, and by reason of their high ‘‘through 
impedance” they do not invalidate the generating sta- 
tion bus section reactors. 

Class ‘‘D’”’ Substations are the sources of feed to the 
24-kv. system and are either power-house switch houses 
or 120-kv. step-down substations. In the case of the 
120-kv. stepdown substations a single 24-kv. bus has so 
far been employed without sectionalizing reactance of 
any kind. In the 24-kv. generating stations sectional- 
izing reactance is required, and again the star connected 
synchronizing or “equalizer’’ bus is employed. It is 
between these “equalizer’’ buses and the 24-kv. buses 
in the 120-kv. stepdown substations that the ‘“‘inter- 
linking cables” are connected. 

Within the metropolitan underground area where 
short-circuit control is the real problem, the Class “A’”’ 
and Class ‘‘C”’ Substations constitute the great ma- 
jority, there being at present only the three Class “B”’ 
switching stations planned. It is quite essential that 
the number of Class ‘‘B” switching stations be kept at 
a minimum as they do materially short circuit the gen- 
erating station bus section reactors. This also results 
in confining the costly and hazardous 24-kv. high duty 
circuit breakers to the comparatively few Class “B’”’ 
and Class ““D” substations and reducing the number to 
something like half those that would be required if 24-kv. 
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switching were used in all substations. This is an impor- 
tant consideration from the point of view of reliability 
and economy. 

Having adopted these types of substations and ap- 
plied them to the existing system, the distribution of 
reactance between the Class “D’” Substations, and 
within the 120-kv. system, and the resultant short 
circuits obtained, became those shown for the general 
system in Fig. 2. This might be termed the distribu- 
tion of reactance between power areas throughout the 
system. ; 

The distribution of reactance within the power areas 
fed by Class ‘“D”’ 120-kv. step-down substations is not 
of particular interest in that so far the 24-kv. buses of 
these substations are solidly connected together, the 
Class ‘‘C” and Class “A” Substations representing the 
only attempt at a short-circuit control. 

The distribution of reactance within those power 
areas fed by Class “‘D’’ generating stations is of especial 
interest because the large power concentration will not 
permit of solidly connected buses. Fig. 3 illustrates 
the combination of such a power plant with typical 
substations and ‘“‘interlinking cables’ showing the 
distribution of reactance, the short-circuit duty for the 
most serious typical fault, and the approximate voltage 
conditions during that fault. The interesting features 
of such a layout are multiple synchronizing paths 
through the substations and the synchronizing or 
‘linkage buses,” the means of connecting the power 
area into the system through its generating station 
synchronizing bus, (note that this is simply done with 
standard 24-kv. cable and switchgear) the reduced 
amount of 24-kv. switchgear, and the total absence of 
duplicate 24-kv. buses and switching. This absence of 
duplication is possible because each substation trans- 
former is connected to a separate generating station bus 
section. It is possible, therefore, to lose any one gen- 
erating station bus section without losing more than the 
normal reserve of feed to each substation which seems a 
fair chance to take considering the rarity of bus faults. 

The star connected synchronizing bus was deliber- 
ately chosen with the full realization that it inevitably 
created a high short-circuit point on the system. Ac- 
cordingly, its reactors were made integral with it so 
that no circuit breaker is exposed to the high duty. See 
Fig. 3. It was chosen because every generator or group 
of tie cables is made equally available to every other 
one and power transfer between them can be accom- 
plished with a minimum of voltage variation. Also, 
the synchronizing bus creates a “‘back bone” by which 
the power plant is connected into the system. 

The star connected synchronizing buses with their 
reactors in the Class ‘‘C’’ Substations and the auto- 
matic throw-over equipment which permits straight 
radial operation of each transformer in the Class “‘A’’ 
Substations are the devices by which short circuits are 
kept down on the 4800-volt system. Fig. 3 illustrates 
these arrangements. 
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The general use of Class ‘‘C” Substations with the 
transformers paralleled on the 4800-volt bus through 
reactors results in a much higher average short circuit 
duty on the 4800-volt system than would be the case if 
the Class ‘‘B” substations were employed in which the 
24-kv. bus eliminates the necessity for 4800-volt paral- 
leling. This condition was deliberately chosen in 
preference to 24-kv. switching for five reasons. First, 
it is very difficult to keep permanent control of short 
circuit duty if 24-kv. switching is generally used in sub- 
stations and its use results in duplication and complica- 
tion of switchgear and buses in the generating stations. 
Second, it is better in principle to have the higher short- 
circuit duty on the lower voltage isolated neutral system 
rather than on the high-voltage grounded neutral sys- 
tem, since grounds usually do not result in short circuits. 
Third, the cost of suitable 4800-volt circuit breakers 
for this higher duty is not enough greater to be a ruling 
consideration and is much less than the added cost of 
24-kv. switchgear. Fourth, operating experience: over 
a period of years indicates almost no trouble from 4800- 
volt circuit breakers, even where the duty is much in 
excess of the breaker rating. Fifth, the high short- 
circuit duty area is relatively small. Even on cable 
feeds this duty drops within a half mile length of cable 
to the rating of the smallest breaker we would recom- 
mend for master switches on primary customers’ 4800- 
volt installations. . 

In laying out this plan, the advantages of isolated 
phase construction were recognized but it was not 
practicable to adopt the principle for the following 
reasons. First, with a system employing generators 
having two to one step-up auto-transformers neutral 
impedance exposes the generator and cable system to 
over-voltage during short circuits. Earlier generating 
equipment was not designed for that duty and it also 
did not seem wise to expose the rather large 24-kv. 
cable system (then some 700 mi. of all ages and condi- 
tions of cable) to over-voltage. Second, it seems de- 
sirable to avoid, if possible, the general use of 24-kv. 
feeder reactors because of the cost of the reactors, their 
losses and ventilation, the increased hazard, and the 
somewhat poorer voltage regulation. However, with 
one exception the new indoor Class ““B’”’ and Class “D”’ 
switching substations are laid out to accommodate 
future feeder reactors because they may be needed to 
protect the switchgear of possible future customers 
served at that voltage, because of the inherent uncer- 
tainty of the best available switchgear and the pos- 
sibility that future loads may demand reducing voltage 
fluctuation during faults to the minimum. 

Protection Schemes.—The relaying methods adopted 
are as follows: 

Instantaneous relaying for 120-kv. line faults. 
(Double circuit tower lines relayed differentially. 
Single line operation over-current, for lack of suitable 
faster method.) 

Instantaneous relaying for 120-kv. transformers. 
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Inverse time overcurrent protection for 120-kv. bus 
faults and as “‘back up” protection for line faults (for 
lack of suitable faster method). 

Instantaneous relaying for all 24-kv. line or cable 
faults over approximately 250,000 kv-a. 

Instantaneous relaying for all 24-kv. transformers, 
if the fault is in the high-voltage winding. 

Instantaneous relaying for all generators and their 
step-up transformers. 

Inverse time overcurrent protection for 24-kv. bus 
faults in outdoor switching substations and also as 
“back up” protection for line faults. (For lack of 
suitable faster method.) 
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Instantaneous fault bus relaying on all indoor 24-kv. 
switching substations. 

Approximately 1% second inverse time delay on 
4800-volt line faults which have 250,000-kv-a. ultimate 
maximum. (To permit transformer fuses and customers 
breakers to clear first.) 

Instantaneous bus differential relaying for all 4800- 
volt equalizer buses in Class ‘‘C”’ Substations. 

Fig. 4 illustrates each of these applications translating 
these general statements into specific applications and 
relays. With the exception of fault bus protection, each 
relay and method has been employed on the system for 
a number of years. 
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The fault bus scheme employed in the newer indoor 
24-kv. switching stations is of interest. The complete 
24-kv. bus and circuit breaker structures are made of 
metal, each phase being in its own separate compart- 
ment throughout. This metal bus and circuit breaker 
enclosure is set on insulators and is sectionalized and 
grounded through current transformers for fault cur- 
rent relaying. This gives complete grounded enclosure 
for safety purposes, definite paths for fault current 
quite independent of the building steel. or reinforcing 
and, for all practical purposes, phase isolation. While 
phase isolation is not depended upon for short-circuit 
control on the machine buses (Fig. 8) it is of very real 
value on the synchronizing bus where it is important 
from the point of view of stability that we do not have 
three-phase faults. 

While the instantaneous protection outlined has 
served its purpose excellently, further careful study of 
the system as well as some operating experience indi- 
cates the necessity for faster and more reliable relay 
protection for the outdoor 24-kv. and 120-kv. buses as 
well as single line operation of the 120-kv. lines. The 
ideal would be reliable instantaneous protection that 
cannot be invalidated by the taking out of commission 
of lines or equipment for repairs or maintenance. Care- 
ful study is being given to defining the requirements 
more exactly and to the possible solution. 

Stability. In arriving at any system general plan 
giving the desired distribution of reactance for proper 
short-circuit control, the opposite horn of the dilemma 
must be faced in the form of stability under operating 
conditions and the final solution must be a balance be- 
tween these two considerations. 


In the system plan outlined above dependence is 
largely placed on fast relaying and switching for protec- 
tion against instability. Consolidating relay times with 
their corresponding circuit breaker times, the following 
total fault durations are obtained on faults over approxi- 
mately 250,000 kv-a. (60-cycle basis) 


120-kv. circuit breakers—20 cycles (new) 25 cycles (old) 
24-kv. circuit breakers—18 cycles (new) 

Studies, based on these fault current durations and 
the magnitudes previously stated, together with the 
reactance distribution given in Figs. 2 and 3, have, so 
far, been largely confined to limiting cases of three- 
phase faults on major buses (both 120-kv. and 24-kyv.). 
The assumptions made for these studies are rather 
pessimistic in that they assume all machines fully loaded 
and a perfect three-phase fault. 


Under the above assumptions, three-phase faults 
directly at the 120-kv. buses at Trenton Channel or 
Marysville generating plants theoretically approach 
instability in the case of some of the older and slower 
circuit breakers. However, taking account of the 
difference between the theoretical and the actual op- 
erating conditions, and the fact that we have for several 
years operated the 120-kv. system under essentially 
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the present conditions without any evidence of instabil- 
ity, there is reason to feel that the situation is 
satisfactory. Further study is being given to a more 
accurate evaluation of the limits of stability on the 120- 
ky. system as well as to the available means of dealing 
with it should it arise. 

All studies so far made indicate that there is a reason- 
able margin-of safety in the case of the 24-kv. system, 
even under three-phase fault conditions. ‘The one 
exception is the synchronizing or “linkage buses” of the 
Class “D” generating stations (already mentioned 
under Protection Schemes) and possibly the interlinking 
cables. On the “linkage buses’’ three-phase faults are 
made practically impossible by the enclosure of each 
phase in a separate grounded metal compartment. 
Line to ground faults should cause no trouble. 

While calculation indicates that it will probably not 
be necessary, the design of the switch houses is such 
that a reactor may be installed in each end of each 
interlinking cable, thereby preventing a three-phase 
fault in those cables from completely cutting off the 
synchronizing power between power areas by reducing 
the voltage between them to zero. There is no evidence 
to indicate that individual generators within the same 
station will become unstable or fall out of step. 


IV. EQUIPMENT CHARACTERISTICS 


The characteristics of equipment are determined to 
varying degrees by the general type of system employed. 
The essential equipment characteristics as determined 
for this system are as follows. 


Prime Movers. The last nine turbo-generator units 
have been designed with a nominal rating of 50,000 kw., 
a best point rating of 43,000 kw., and with good vacuum 
conditions and extraction could probably carry some- 
what over their nominal ratings. A plant group of six 
units can be loaded on average days to 250,000 kw. 
with maximum economy, with one unit down it can still 
earry 250,000 kw. reasonably, and care, if necessary, 
for somewhat greater short time peaks. With two units 
down it can carry somewhat over 200,000 kw. Such 
a plant has an excellent running reserve and requires 
a minimum of transfer lines and cables. 


Governor response does not appreciably enter into 
the question of system faults because of the short dura- 
tions employed. Its principle interest, therefore, is the 
question of how a suddenly imposed load caused by the 
loss of major units will be distributed among the re- 
maining units. So far we have not had particular 
difficulty from this source since the governor character- 
istics of all the larger units are quite similar. 


Generators. All generators whose output is at 24-kv. 
or 120-kv. have the generators and step-up transform- 
ers arranged as a unit. The reactance of the combined 
generator and transformers is kept at from 20 to 25 per 
cent. So far no trouble has been experienced due to 
instability of machines under suddenly applied loads 
and therefore no particular short-circuit ratio has been 
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specified. No one generator constitutes a large pro- 
portion of the total running capacity and its loss there- 
fore does not impose extreme loads on the remaining 
machines. Also the like governor characteristics tend 
to cause even division of load. 

Excitation System. Hand controlled excitation by 
means of throttled pole exciters, without main generator 
field rheostats, has been employed so far with entire 
satisfaction. It is planned that, if automatically con- 
trolled, quicker response excitation should later be 
required, it can be to some degree obtained by replacing 
the throttled pole pieces with normal ones and adding 
regulators. 

Circuit Breakers. The following speeds of operation 
and interrupting duties are required. 


Service Time Rating 
120 kv. 15 eyeles 2 million kv-a. 
24 kv. 10 cycles 1 million kv-a. 
24 kv. . 10 eyeles VY million kv-a. 
4800 volt 7 cycles 250,000 kv-a. 
4800 volt 7 cycles 150,000 kv-a. 


The above circuit breaker times are from the energiz- 
ing of the trip coil to the parting of contacts on a 60- 
cycle basis. 

All 120-kv. and the 114-million kv-a., 24-kv. circuit 
breakers are applied on a single CO basis. The remain- 
ing circuit breakers are applied on a 2-OCO basis. This 
is because the 120-kv. faults are of such magnitude 
and lines of such importance that a brief inspection of 
equipment is made before reclosing. On 24-kv. cable 
faults, no reclosure is made until the fault is repaired. 

The voltage ratings are 132-kv., 37-kv., and 7500 
volts respectively. 

The 24-ky. circuit breakers for indoor use are the 
live pot variety having a minimum of oil, and have air 
clearance to ground. 

V. INTERCONNECTIONS 


The company has four interconnections and two 
throw-over fringe connections. The interconnection 
with the Consumers Power Company was made to 
profit by the diversity between the combined hydraulic- 
steam system of that company and the all steam system 
of the Detroit Edison Company, and for mutual reserve. 
The interconnection consists of a single 132-kv. solidly 
grounded neutral circuit on double circuit towers. It is 
about 62 mi. long connecting to the 120-kv. system of 
the Detroit Edison Company at Superior Substation 
(Fig. 2) and to the Consumers Power Company’s system 
at Jackson, Michigan. The capacity of the interconnec- 
tion is 30,000 kv-a. It is connected to the latter system 
by a bank of delta-delta tap changing transformers to 
avoid grounding the neutral as that system operates at 
140-kv. isolated neutral. It is connected to the Detroit 
Edison Company’s 120-kv. system through a bank of 
delta-Y tap-changing transformers, the Y point being 
used to ground the interconnection line neutral. The 
line was designed to interconnect three systems and 
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therefore regulating transformers installed at each end 
but, as yet, the third connection has not been made. 

The line is protected by inverse time overcurrent 
relays for line to line faults, instantaneous ground cur- 
rent relays for line to ground faults, and over-all differ- 
ential for the transformers. 

Lightning protection is by arresters at each end and a 
single ground wire on the tower tops. 

Rough calculation indicates that the power limit of 
the line and transformers is about 80,000 kw. Swings as 
high as 60,000 kw. have been carried without evidence 
of difficulty. 

The momentary power required between the two 
systems is of the order of 2000 kw. +. 

The interconnection with the Ford Motor Company 
is for mutual reserve. The initial installation of 30,000- 
kv-a. capacity has been operating for a few months and 
the second installation of the same capacity will shortly 
be made. 

The connection is from the 120-kv. bus of the Detroit 
Edison Company’s Navarre Substation through a step- 
down transformer bank and regulating transformer to 
five 13,200-volt cables operated solidly connected 
together as one cable. Connection is made to the Ford 
Motor Company’s 18,200-volt bus through suitable 
reactors. 

Over-all differential relay protection is provided for 
the transformers and regulator and inverse time over- 
current relaying for other faults. 

Interconnections are also established with the Uni- 
versity of Michigan and the Packard Motor Car Com- 
pany to equalize steam heating load and power require- 
ments. One feature of technical interest in the 
interconnection with the University of Michigan is the 
use of impedance relaying to permit the safe operation 
under night time steam heating conditions at the Uni- 
versity Power Plant of a single unit so small that its 
short-circuit current is not sufficient to operate the 
usual form of overcurrent relays with settings correct 
for day time use. By taking account of the voltage as 
well as the current this condition was met. 


Two throw-over fringe connections have been es- 
tablished with the Consumers Power Company along 
the mutual boundary line at points too remote for 
duplicate feeds. Each consists of means for manually 
disconnecting the load from one system and connecting 
it to the other without interconnecting the systems. 
In neither case are voltage regulators provided. 


VI. OPERATING PROCEDURE 


Load control is accomplished by the load dispatcher 
assigning to three of the four power plants a definite 
load as determined by plant economy and instructing 
the fourth plant to hold frequency. Each plant: load 
and the total are continuously indicated in the system 
operator’s office to insure prompt action on the part of 
the load dispatcher and as a check on the compliance 
with his orders. 
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Frequency control is manual and the Warren Clock 
Method of indication is employed as a guide. 

It is possible that, as the system approaches more» 
nearly the planned condition, it may be necessary to 
modify the present load control arrangement as far as 
Connors Creek and Delray are concerned on the basis 
of holding interlinking cable loads rather than holding 
a fixed load. Such a modification does not appear to be 
difficult of accomplishment. 

The general rule is that sufficient running reserve is 
maintained at all times to permit dropping the largest 
machine in any one plant on the system. Even with 
one machine down for overhauling the plant must be 
able to carry its own load if it loses a second machine or 
loses its ties with one neighboring power area, thus 
meeting the requirement of the general rule. If there is 
sufficient machine or tie capacity to meet this condition, 
no change need be made in the power area but if not, 
then the boundary of the power area must be adjusted 
to meet the new conditions. 


VII. RESULTS AS DETERMINED BY OPERATING 
EXPERIENCE 


The 120-kv. system has been operating in essentially 
the form shown in the plan for about a year and has 
given entire satisfaction. There has been no evidence 
of stability disorders or malfunction of switching or 
relay equipment. During that period faults have been 
confined to the lines. 

The first of the 24-kv. Class “‘D’’ power plants has 
just gone into commission and as yet no experience has 
been obtained. It is the Delray Plant shown in Fig. 2. 

Quite a number of Class “A” and Class “C” Sub- 
stations have been in commission a year or more and 
during that time have functioned under line faults, 
giving very satisfactory results. 

The 120-kv. step-down substations (Class ““D’’) have 
been in satisfactory operation a number of years. A 
recent fault involving a section circuit breaker and two 
bus sections in the 24-kv. bus of one of these substations 
resulted in a fault which was sustained for eight seconds. 
No evidence of instability was shown by the Trenton 
Channel Plant feeding it through the 120-kv. system. 
However, the machines in the solidly tied Delray Power 
House dropped their loads. That was to be expected 
under the conditions. The completion of the synchro- 
nizing bus equipment in the new Waterman Class “D” 
substation should correct that condition. 

The performance of 4800-volt equipment under fault 
conditions has given full satisfaction. 
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Synopsis.—This paper describes the service requirements for 
the various kinds of load demands in the Philadelphia area. The 
territory served and the distribution of load in tt are also given. 

The fundamental plan of the system of the Philadelphia Electric 
Company is outlined, including information on the location and 
capacity of the principal stations and elements of the transmission 
system. The various reasons and conditions which have led to 
the development of the system are explained. 

The major equipment, such as generators, transformers, synchro- 
nous condensers, etc., are described, with particular reference to the 


adaptability of their characteristics to the conditions to be met. 

Interconnections with other electric utilities are briefly outlined. 

The operating procedure, relating particularly to allocation of 
load to the various generating stations, reserve capacity, and fre- 
quency control, is discussed. Operating experience, including 
information regarding unstable operation at times of line faults, 
is presented. 

There are also presented, in conclusion, the more important basic 
principles which are followed, as far as practicable, in the develop- 
ment of the Philadelphia system. 


INTRODUCTION 


ences in the essential features of the fundamental 

plans of electric utility systems, some of which ap- 
parently may be attributed to different. solutions of 
much the same problem, although many of the differ- 
ences are due to the wide variation of conditions which 
largely determine the development of a system. It is 
the intention of the author to describe in this paper the 
fundamental plan of the system used for the supply of 
energy to the Philadelphia area, and to give the reasons 
which have led to the development of the system in the 
particular form in which it exists. It is rather difficult 
to set forth clearly in a paper all of the factors, both 
tangible and intangible, that influence the development 
of a system, but it is hoped that the reasons that are 
given in this paper will prove sufficiently clear to show 
the logic of the various steps in the development of this 
system. It is hoped in any event that this paper will 
prove helpful either in arriving at conclusions as to the 
best fundamental plan of system for any particular 
combination of conditions, or else in pointing out defi- 
nite parts of the problem that need further study. The 
interconnection of electric utility systems leads to prob- 
lems, the solution of which it is believed will be greatly 
facilitated by an increase in knowledge of the funda- 
mentals of system planning. 

It is important to recognize that plans for future 
development of electric utility systems may have to be 
revised to meet changed conditions relating to require- 
ments for service, development of equipment, or the 
economic situation. Even though there is this possibil- 
ity of having to revise plans for future development, it 
is apparently true that best results can be obtained by 
having such plans. 

On account of the necessity for preparing this paper 


L’ is a well recognized fact that there are many differ- 
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in October, 1929, the data for 1929, such as peak load 
demands, kw-hr., ete., are estimated. 


SERVICE REQUIREMENTS 
Character of Territory. Electricity is supplied by the 
Philadelphia Electric Company in the territory shown 
by Fig. 1, having an area of approximately 1300 sq. mi., 
of which 136 sq. mi. is metropolitan Philadelphia. The 
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distribution of load throughout the area is indicated by 
the dots on Fig. 1, each dot representing 1000 kv-a. of 
substation peak demand as estimated for 1929, exclud- 
ing the 25-cycle street railway and railroad electrifica- 
tion load and 46,000 kw. taken by other utilities. The 
character of the territory is urban, suburban, and rural. 
The mos dense load development is in the central 
business district between the Schuylkill and Delaware 
Stations. The major industrial development lies mainly 
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along the Delaware River. Along this river, particu- 
larly in the Kensington district adjacent to both the 
Delaware and Richmond Stations, is a very extensive 
mill district. At the southern extremity of the territory 
along the river in the vicinity of Chester is also a large 
industrial development. Along the Delaware River 
near the mouth of the Schuylkill the industrial develop- 
ment has not been so rapid as the soil in this district is 
swampy in character and costly foundation work is 
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necessary in order to construct buildings. However, it 
is felt that in the future, considerable development will 
take place in this territory and southward along the 
Delaware River, and plans for development are being 
made with this in mind. There is also considerable 
industrial development in the neighborhood of West- 
moreland Substation where excellent rail facilities are 
available. In the outlying territory, until recently 
served by the Philadelphia Suburban-Counties Gas and 
Electric Company which is now consolidated with the 
Philadelphia Electric Company, the development is 
largely concentrated along the Schuylkill River, princi- 
pally near Norristown. There is also extensive develop- 
ment along the main lines of the Pennsylvania Railroad 
and Reading Railroad. 

The population of the entire area is approximately 
2,800,000, of which 2,200,000 are in the city of Philadel- 
phia. The average density of population is 2160 per sq. 
mi. for the entire area with a density of 16,200 per sq. 
mi. for Philadelphia and 515 per sq. mi. for the outlying 
territory. 

Nature of Load. The estimate of the peak load of the 
system for 1929 is 735,000 kw. There has been a steady 
growth resulting in the peak load being approximately 
doubled every five years and it is expected to continue 
growing although at a decreasing rate. Fig. 2 shows 
the yearly peak loads and net guaranteed kw-hr. since 
1902 plotted on semi-logarithmic scale. The total num- 
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ber of customers is approximately 610,000, of which ap- 
proximately 125 (including utilities) are supplied at 13.2 
kv. or above. The consumers supplied at 13.2 kv. or 
above, including railways and utilities, however, take 
approximately 50 per cent of the total energy sold, with 
the railways and utilities taking 32 per cent of the total. 

The average load density for the area excluding the 
loads of railways and utilities is about 480 kv-a. of 
individual substation demand per sq. mi. with an energy 
consumption of about 1,300,000 kw-hr. per sq. mi. per 
year. The highest load density occurs in the central 
district with a demand of 22,000 kv-a. per sq. mi. and an 
energy consumption of 68,800,000 kw-hr. per sq. mi. per 
year. The city residential district load density is ap- 
proximately 2000 kv-a. per square mile, taking about 
7,000,000 kw-hr. per sq. mi. per year, and the suburban 
districts around Philadelphia have a demand of approxi- 
mately 600 kv-a. per sq. mi. and 2,000,000 kw-hr. per 
sq. mi. per year. In the least developed rural territory 
the density is as low as 0.8 kv-a. per sq. mi. with about 
1000 kw-hr. per sq. mi. per year. 

The yearly load factor is about 46 per cent, the aver- 
age monthly load factor is approximately 58 per cent, 
and the average daily load factor approximates 68 per 
cent. The inherent power factor of the load referred to 
the generating station bus, at the system peak, is about 
90 per cent. This decreases to approximately 82 per 
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cent during the off-peak daytime period and decreases 
further to about 72 per cent during the early morning 
minimum load period. 

There is about 60,000-kw., 25-cycle load used exclu- 
sively for railroad and street railway service. Most of 
this load is supplied through frequency converters, but 
some is generated at 25 cycles by steam driven genera- 
tors. The street railway load is being gradually changed 
over to 60-cycle supply and all new railroad load is 
supplied by frequency converter stations so that no 
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additional 25-cycle steam generating capacity is planned. 
FUNDAMENTAL PLAN OF SYSTEM 


Design of System. The fundamental plan of the sys- 
tem for supplying the Philadelphia area provides 13.2 
kv. and 33-kv. major distributing centers at generating 
stations and at high-voltage step-down transformer 
stations from which energy is transmitted to substations 
for re-distribution or distributed directly to large cus- 
tomers and these major distributing centersare normally 
tied together with relatively high capacity lines in order 
to utilize the power from the more efficient steam plants, 
hydro stations and 220-kv. interconnection. The in- 
herent advantages of a system so planned that there is 
sufficient generating capacity at various large load 
centers to carry the load under emergency conditions, 


Future 
Siegfried — Roseland 


PYLMOUTH MEETING 
SUBSTATION 


BAILEY: FUNDAMENTAL PLAN OF POWER SUPPLY 


607 


two circuits operating at 66 kv. and provision is made 
for more circuits when necessary. High-voltage under- 
ground cable is used where the lines pass through the 
central section of the city and aerial lines are used in the 
outlying sections. This voltage is used since it was the 
maximum voltage practicable for underground trans- 
mission at the time the lines were put in service and 
studies showed it would be the most economical for 
transmission of large blocks of power for the distances 
involved. The transmission from Conowingo is at 220 
kv. This voltage was selected rather than some lower 
voltage for the following reasons: 


1. At Conowingo it was found to be impracticable 
to locate the high-voltage switching station on the river 
bank, and the 220-kv. layout was the only one that 
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in the event of opening of generating station lines, are 
recognized, and this is carried out in so far as it is prac- 
ticable, taking into account the economics of the situa- 
tion, including both investment and operating expenses. 

Fig. 3 shows the main transmission system and prin- 
cipal stations in the area supplied by the Philadelphia 
Electric Company system. The distributed peak loads 
and the local generating capacity as of 1929 are indi- 
eated for each major distributing center. The location 
of the various stations is, of course, determined by load 


requirements, together with suitable conditions for a 


generating station or connection with the high-voltage 
system. The spacing of these centers is such that all 
large substations are within the limit of economic trans- 
mission for the voltage and type lines involved. The tie 
lines between most of the distributing centers consist of 
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could be satisfactorily used on the roof of the station. 

2. The use of 220-kv. for Conowingo permitted 
tying directly in with the interconnection system, which 
system required this voltage on account of the large 
capacity requirements and the distances involved. 

3 The cost of 220-kv. transmission for Conowingo 
was substantially the same as that of other voltages 
considered. 

Scheme of Connections. The connection scheme for 
the present system is shown by Fig. 4. The general 
plan of each station is to have double high-voltage and 
low-voltage busses with sectionalizing and space provi- 
sion for reactors. This is to provide reliability and 
means of operating with any degree of sectionalizing 
that operating conditions may require for the service 
involved. The present practise is to operate normally 
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with solid 220-kv. buses, solid 66-kv. busses except where 
limited current interrupting capacity of oil circuit 
breakers requires splitting the 66-kv. bus and with most 
13.2-kv. buses sectionalized by reactors. 

Method of Distribution. The greater part of the load 
is supplied through substations where it is distributed 
at 13.2-kv. to the consumers having the larger demands 
or transformed to 2300 or 4000 volts for general distri- 
bution. In the urban section all substations are sup- 
plied by multiple underground lines direct from one of 
the major distributing centers. In general, tie lines 
with 12,000-kv-a. capacity are installed between the 
city substations fed from different distributing centers 
in order to provide emergency service for the substations 
in case of failure of one of the distributing centers. 
Double busses with sectionalizing breakers are used inall 
large substations and they are operated in general so 
there are no more than two incoming lines on any one 
bus section. This is done to reduce the amount of load 
which may be disturbed by line trouble and to limit 
bus short-circuit current to approximately 300,000 or 
400,000 kv-a. 

In the central district where the load is most dense, 
low-voltage a-c. networks are used and each network is 
supplied from two or more substations. These networks 
replace the d-c. Edison system which will soon be en- 
tirely eliminated. 

In the suburban area many substations are supplied 
by 33-kv. loop feeders and where possible the two ends 
of the loop come from different distributing centers. 
The outlying territory is covered by 38-kv. and 13.2-kv. 
lines and the rural load is supplied by distribution trans- 
formers tapped on these lines. The higher voltage is 
used on account of the transmission distances involved. 

Reactors. Reactors are used on all 13.2-kv. lines at 
generating stations and other major distributing centers 
and on some 13.2-kv. lines at substations. Most 138.2- 
kv. line reactors are 3 per cent based on the circuit rat- 
ing, since this keeps short-circuit current within the 
breaker rating for line faults even with failure of a re- 
actor in one phase, and voltage regulation under normal 
operation is not seriously increased. So far no 66-kv. 
reactors have been installed but space is provided for 
them if necessary to limit short-circuit current when the 
system is further developed. 

Neutral Impedance. The 220-kv. and 66-kv. systems 
have solidly grounded neutrals so as to limit the voltage 
stress on cables and other equipment and on the 220-kv. 
system permit the use of graded insulation on the trans- 
formers. The 13.2-kv. system is grounded through 4- 
ohm resistors in the generator neutral or with grounding 
transformers in case no generators are available. The 
neutral of the 13.2-kv. system is grounded in order to 
avoid excessive voltage stress on insulation, and resistors 
are used to limit the ground fault current. 

Means of Synchronizing. Generators in each station 
are synchronized on the main bus which is normally 
sectionalized with reactors. The size and rating of the 
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bus reactors is such that load equal to the rating of one 
generator may be transferred from one bus section to 
another without excessive voltage drop, but of sufficient 
reactance so that a bus fault will not lower the voltage 
on adjacent bus sections to less than 50 per cent normal, 
which is thought to be sufficient for the generators on 
the adjacent bus sections to remain in synchronism. 

Isolation of Phases. There is only one isolated phase 
switch house on the Philadelphia Electric Company 
system. This station, Richmond, is only partly devel- 
oped and when extension is necessary it is planned to 
consider alternate types of construction. The most 
recent major distributing center, Westmoreland, has 
been built with outdoor 138.2-kv. switching structure. 
All 66-kv. and 220-kv. stations are, of course, outdoor 
and it is expected that the liberal spacing and heavy 
construction used will prevent any serious trouble. 

Fire Barriers. It is thought desirable to divide gen- 
erating station switch houses into separate sections for 
each generator by means of fire barriers in order to lo- 
calize the trouble due to smoke and soot produced by 
switch failure or other cause. Such barriers have been 
provided in most of the generating stations and discon- 
necting switches are installed in the bus so as to isolate 
any section which may bein trouble. This construction 
is in line with the unit plan which is used throughout 
the design of the stations. 

Diversity of Synchronizing Paths. Alternate means 
of synchronizing the various generating stations are 
available. The normal means is through the various 
66-kv. and 13.2-kv. generating station tie lines. In an 
emergency some stations could also be synchronized 
through the substation 12,000-kv-a., 13.2-kv. tie lines. 

Protective Schemes. Special effort has been made to 
obtain quick clearing of faults in order to limit system 
disturbances, improve stability, and reduce the damage 
to equipment. Differential relays are used on all gen- 
erators and station transformers. Differential protec- 
tion of 220-kv. and 66-kv. buses is also under considera- 
tion. The 220-kv. lines have ground fault relays which 
are expected to clear most of the faults and in addition 
directional impedance type relays for protection against 
phase faults. The 66-kv. lines are protected with di- 
rectional impedance type relays which protect against 
both phase and ground faults. Pilot wire protection 
was considered but it was doubtful if satisfactory opera- 
tion could be obtained and the possible gain in speed 
was not deemed sufficient to justify the additional cost. 
Balanced ground relays are also used on the 66-kv. Ply- 
mouth Meeting-Westmoreland lines to obtain quick 
clearing of faults which is necessary under heavy load 
conditions in order to improve stability. The 13.2-kv. 
and 38-kv. lines in general have overcurrent protection 
at the source end and reverse power protection at the 
load end. 

Means of Regulating Voltage. Voltage is automati- 
cally maintained at each major distributing center by 
means of voltage regulators on the generators, condensers, 
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and frequency converters. Bus voltage is increased 
during the heavy load period in order to provide more 
uniform voltage at the load. Generators supplemented 
by condensers are used to carry reactive kv-a. so as to 
secure satisfactory power factor for transmission from 
Conowingo and other generating stations. It is the 
policy of the company to encourage power factor im- 
provement by the consumers and contracts provide 
appropriate rate adjustment. Tap changing under 
load equipment is provided for the 220/66-kv. trans- 
formers and practically all 66/13.2-kv. transformers. 
Induction regulators are used on the 13.2-kv. Delaware- 
Westmoreland and Delaware-Richmond tie lines. This 
equipment provides means of controlling reactive load 
distribution as well as adjusting voltage. Most of the 
2.3-kv. and 4-kv. distribution circuits are equipped with 
automatic induction type voltage regulators and there 
is provision for the installation of induction regulators if 
required on some 13.2-kv. distribution lines. 


EQUIPMENT CHARACTERISTICS 


Governor Response. The governors of all steam tur- 
bines are adjusted for approximately the same regula- 
tion of about 3 per cent while the hydro units are set for 
5 percent. The operating experience with these settings 
as far as frequency regulation is concerned has been 
generally satisfactory. While there is no evidence that 
governor operation has increased power surges, it is felt 
that the matter of governor performance during system 
disturbances is worthy of further study. 

Generator Reactance. The large steam turbine driven 
generators are all of normal design with transient reac- 
tance ranging from 14 per cent to 30 per cent, synchro- 
nous reactance ranging from 82 per cent to 135 per cent, 
and short circuit ratio ranging from 0.75 to 1.25. The 
hydroelectric generators are slow speed and special 
effort was made to keep the reactance as low as possible 
consistent with high efficiency and low cost. Their 
transient reactance is approximately 30 per cent, syn- 
chronous reactance 90 per cent, and the short circuit 
ratio ranges from 1.25 to 1.45. 

Excitation System. Practically all steam turbine 
driven generators have shaft end exciters with the cus- 
tomary speed of response. The hydro-generators have 
high-speed excitation with separate motor driven ex- 
citers and pilot exciters, giving a rate of response of 
approximately 600 volts per second. The synchronous 
condensers at Westmoreland Substation have high- 
speed excitation with a maximum rate of response of 
3000 volts per second and a maximum excitation voltage 
of about 500 volts, while the Plymouth Meeting con- 
densers have high-speed excitation with a maximum 
rate of response of approximately 6500 volts per second 
and a maximum excitation voltage of 900 volts. The 
high speed provides greater stability during transient 
disturbances and calculations indicate that one con- 
denser equipped with high-speed excitation is as effec- 
tive during transient disturbances as several such con- 
densers with ordinary excitation. 
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Circuit Breakers. The speed of operation of all cir- 
cuit breakers in use on the system is the usual value 
because in most cases this is satisfactory and at the time 
the installations were made high-speed circuit breakers 
had not been sufficiently developed. High-speed cir- 
cuit breakers are considered very desirable, particularly 
in places where stability of operation is affected, and 
tests of new high-speed designs have recently been made 
on the Philadelphia Electric Company 220-kv. system 
in cooperation with the manufacturers with the idea of 
possible increase in the speed of operation of the high- 
voltage circuit breakers now in use. 

The 220-kv. circuit breakers have interrupting ca- 
pacity of 2,500,000 kv-a. and the maximum duty with 
the present system is approximately 1,800,000 kv-a. 
The circuit breakers most recently installed on the 66- 
kv. system have interrupting capacity of 2,000,000 
kv-a., while some of the older breakers arerated 1,500,000 
kv-a. and 1,000,000 kv-a. The maximum duty on these 
breakers is very close to their rating and various plans 
are being considered to keep the duty within the switch 
rating with further development of the system. The 
13.2-ky. circuit breakers in the most recent generating 
stations have interrupting capacity of 1,500,000 kv-a. 
for the generator and transformer switches which is 
sufficient for the duty in case of equipment failure or 
bus fault, and 750,000 kv-a. for the line switches which 
is ample capacity for line faults since they are limited by 
reactors to a maximum value of about 500,000 kv-a. 


TYPE OF INTERCONNECTIONS 


Trunk Ties. The principal interconnection is a 220- 
kv. tie with the Pennsylvania Power and Light Com- 
pany, (see Fig. 3). Although the Pennsylvania Power 
and Light Company load is somewhat smaller than the 
Philadelphia Electric Company load, there is consider- 
able diversity and consequently heavy interchange takes 
place. This interconnection is also used for reserve 
diversity and the exchange or sale of economy power 
and dump hydro power. The tie at present consists of 
one circuit, but an additional 220-kv. line is planned for 
the near future which will connect with the Public 
Service Electric and Gas Company System of New Jer- 
sey and complete a 220-kv. transmission ring joining 
the three systems. Considerable economies in opera- 
tion have been obtained with this interconnection and it 
is expected that still further savings in operation and 
investment will be possible after the tie is completed 
with the Public Service Electric and Gas Company of 
New Jersey. This interconnection is described in 
greater detail in the paper: The Conowingo Hydroelec- 
tric Project of the Philadelphia Electric Company's 
System—with Particular Reference to I nterconnection, 
by the late W. C. L. Eglin, (see A. I. E. E. Quarterly 
TRANS., Vol. 47, April 1928, p. 372). _ 

Another incidental interconnection is the proposed 
tie with the American Gas and Electric Company Sys- 
tem in southern New Jersey. This is to be accomplished 
by a 66-kv. bus tie at the new 1200-lb. pressure Deep- 
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water Steam Generating Station. This station is con- 
trolled jointly by the American Gas and Electric 
Company and the United Gas Improvement Company 
of which the Philadelphia Electric Company is a sub- 
sidiary. The initial installation at Deepwater consists 
of two 58,000-kw. units and it is planned to take the 
entire output of one unit into the Philadelphia Electric 
Company System. This station will be connected to 
the Philadelphia Electric Company System by two 66- 
kv. circuits and a substation belonging to the Delaware 
Power and Light Co. 


Fringe Ties. One other interconnection which is of 
relatively light capacity and normally open furnishes 
reserve interchange for a remote part of the system. 
This consists of a 13.2-kv. line connection and a 2250- 
kv-a. 33/13.2-kv. transformer tie with the Chester 
Valley Electric Company 13.2-kv. system at Downing- 
town, Pa. 

OPERATING PROCEDURE 


Load Control. The system connections as outlined 
allow ample flexibility for loading the generating sta- 
tions most efficiently. The control of the load for the 
entire system is centralized in the Load Dispatcher’s 
office, where recording wattmeters, automatically con- 
trolled from the generating stations, record the power 
generated at each station. The totalized system load 
is also recorded. The Load Dispatcher is in constant 
telephone communication with the operator in each 
generating station and instructs him as to what load his 
station shall carry. 


In allocating the load most efficiently to the various 
generating stations, the Load Dispatcher is guided by 
several load allocation charts. One of the charts en- 
ables him to load the Conowingo hydro-station, the 
loading of which is predicated by the river flow. An- 
other chart determines the most economical allocation 
of steam generated load to the various steam generating 
stations. In the preparation of the latter chart, consid- 
eration has been given not only to the increment effi- 
ciencies of the various generating stations but also to 
the intervening tie line losses. The loading of Cono- 
wingo must be determined before the load generated by 
steam can be allocated to the individual generating 
stations. 


By means of the charts and instruments in the Load 
Dispatcher’s office, it is possible to load each station so 
as to obtain the best over-all economy. The attain- 
ment of practically ideal loading has been due in part to 
the flexible plan of system connections and has resulted 
in obtaining unusually high over-all system economies. 

Frequency Control. The regulation of frequency is 
assigned to the Pennsylvania Power and Light Com- 
pany when water flow conditions at their Wallenpau- 
pack hydro-station are such that the frequency can be 
regulated at this station, where automatic frequency 
regulation is installed. At other times, the frequency 
control is assigned to one of the Philadelphia Electric 
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Company stations where it is regulated manually. In 
general, the regulation of frequency is assigned to that 
station which is normally scheduled to have the greatest 
variation in load during the particular period involved. 

Satisfactory frequency regulation has been main- 
tained by hand control on the Philadelphia Electric 
Company system up to the present time, although the 
installation of automatic frequency control may be 
necessary with the growth of the system and the inter- 
connections. Successful manual frequency control has 
been due in part to the cooperation between the load 
dispatcher and the operators in the various generating 
stations and also between the load dispatchers or sys- 
tem operators of the individual interconnected systems. 

The instruments installed in this connection at the 
various generating stations and in the Load Dispatch- 
er’s office are an instantaneous frequency recorder and a 
Warren master clock. This latter is used to check the 
frequency recorders and the accumulated frequency 
error. 

The regulation of frequency is, of course, closely in- 
terlinked with the control of the load. The station 
regulating frequency is told what approximate load it 
will carry and the other scheduled load stations are also 
instructed as to their loads. If the load on the scheduled 
load stations is scheduled to change in a given interval, 
these stations must vary their load at a constant rate. 
In making this change, the scheduled load stations are 
instructed that the change must not be made contrary 
to the prevailing frequency. In other words, if a sched- 
uled load station is designated to increase its load a 
definite amount, the load increase must not be made at 
a time when the system frequency is above normal, as 
this might impose too much variation on the station 
regulating frequency. The scheduled load stations are 
not required to maintain their scheduled load exactly, 
as too much manipulation results in poor frequency 
regulation. 

There is always a constant periodic variation of ap- 
proximately 8 per cent in the system load, which causes 
the frequency to vary about 1/20 cycle from the normal. 
The regulating station makes no attempt to correct for 
this variation as the general effect would probably be to 
cause greater deviation from normal frequency. There 
are, however, constant changes which are not periodic 
in character and it is for these changes that the regulat- 
ing station is continually on the alert. In regulating 
the frequency, the regulating station must correct for 
time deviations from the standard as shown by the 
Warren master clock. The Load Dispatcher, by means 
of the instruments in the central office, maintains a 
close supervision of frequency. It has been possible in 
this manner to maintain the frequency within 1/10 cycle 
of the normal most of the time. 

Reserve Capacity. Enough reserve generator, trans- 
former, and line capacity is maintained on the system 
at all times to meet the local and general load demands 
in the event of the failure of any single piece of equip- 


April 1930 


ment. During periods of low river flow, Conowingo is 
operated for the greater part of the time at reduced 
power output, thus making some hydro capacity avail- 
able for reserve in case of emergency. As the hydro 
units can be brought up from standstill and put on the 
line in approximately one minute each, this provides 
increased reliability at practically no additional standby 
cost. By means of the system connections as outlined, 
the reserve capacity requirements have been maintained 
at an economical minimum. 

Abnormal Conditions. During electrical storms since 


Fig. 5—Recorp or System DisturRBANCE SHOwING UN- 
STABLE OPERATION OF ConowinGao Dus to Fautr on 220-Kyv. 
LINE 


1928 it has been the practise to split the 220-kv. system 
if four or more generators are in operation at Conowingo 
and operate Conowingo in two separate sections so 
there will be less chance of losing the entire station 
through instability in case of lightning flashover of 
either 220-kv. line. With the possible increase in the 
speed of the 220-kv. circuit breakers on the Conowingo 
lines, it is felt that this practise will not be necessary. 


OPERATING EXPERIENCE 


System Performance During Faulis. The perform- 
ance of the system during the several stages of develop- 
ment including the present has been very satisfactory. 
There have been no general service interruptions al- 
though many faults have occurred on the lines and 
equipment. Several faults have occurred on generating 
station buses, but in each case the load interruption was 
confined to the station where the fault occurred. Four 
cases of actual instability occurred during 1928, which 
is the first year that Conowingo was in operation. In 
each instance some or all of the generators in operation 
at Conowingo pulled out of step and tripped on over- 
speed, but the steam turbine driven generators picked 
up the load so that no consumer’s service was 
interrupted except in one case when about 30,000 kw. 
of synchronous load was lost. This latter case was 
caused by a very severe fault on the Chester-Schuylkill 
66-kyv. line, involving two or more phases and tripping 
both circuits. The other three cases of instability were 
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caused by lightning flashovers of the Conowingo 220- 
kv. line and each case involved two conductors and 
ground. The two-wire-to-ground fault is, of course, 
very severe from the stability standpoint and the system 
was not designed for stable operation with full load 
under that condition because experience on other 220- 
kv. lines had indicated that practically all faults would 
be one wire to ground. All four cases of instability of 
Conowingo occurred before the installation of synchro- 
nous condensers was complete and before the high-speed 
excitation system was working satisfactorily. During 
the second year of operation up to October 1929, there 
has been no case of instability but all flashovers during 
this period have occurred when Conowingo was carry- 
ing little or no load. There are also frequent lightning 
flashovers on the Pennsylvania Power and Light Com- 
pany system and the 220-kv. tie line trips out occasion- 
ally, but this has caused practically no disturbance on 
the Philadelphia Electric Company system. The high- 
speed excitation is very effective in holding voltage so 
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that most disturbances on the high-voltage system are 
scarcely perceptible in their effect on the lights of the 
Philadelphia Electric Company system. 

Automatic oscillographs are installed at each end of 
the Conowingo line to record system disturbances and 
Fig. 5 is the record obtained at Conowingo for one of the 
cases of instability. The voltage was taken from the 
220-kyv. bus and the variation in amplitude is character- 
istic of instability. The first minimum point on the 
envelope of the voltage wave shows the time when the 
generators are 180 deg. out of phase with the system, 
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and since only approximately 14 cycles are lost before 
the first visible record is obtained, this shows the sta- 
tion was out of synchronism in less than one-half second. 
The record of C phase line current shows two phases 
were initially faulted and that the arc on one phase was 
extinguished when the envelope of the voltage wave 
reached the first minimum value. The arc on the other 
phase continued until the line switches tripped as shown 
by the record of neutral or residual current. The volt- 
age reached a steady value after the last Conowingo 
generator tripped on overspeed. Previous to the trouble 
four generators were in operation at Conowingo carrying 
140,000-kw. load. 

An automatic high-speed recorder is also installed at 
Westmoreland Substation to record disturbances on the 
66-kv. system. . Fig. 6 is a typical record showing the 
effect of a 66-kv. cable failure of one phase to ground 
close to Westmoreland on the Westmoreland-Rich- 
mond line. The height of the records made by the 
various elements shows theresidual current in some of the 
lines and the voltages to neutral on the 66-kv. bus. The 
horizontal distance represents time with the total record 
covering ten seconds. Before any switches open the 
voltage is practically zero on the faulted phase and 75 
per cent of normal on the other phases. When the line 
switch opens at Westmoreland, there is a sudden rise in 
voltage on the faulted phase to about 50 per cent normal 
and the next sudden increase is when the line switch 
opens at Richmond. The effect of high-speed excitation 
on the Westmoreland condensers may be seen by the 
rapid increase in voltage and fault current during the 
fault. The fluctuations in voltage after the fault is 
cleared are the result of power surges on the system. 

Service Record. An analysis of interruptions of ser- 
vice to consumers in the Philadelphia Electric Company 
territory since the beginning of 1928 shows that troubles 
on the 220-kv. and 66-kv. systems have been responsible 
for less than 5 per cent of the total interruption time. 
The remainder of the interruption time is due to troubles 
on the distribution circuits and customers’ equipment, 
errors, accidents, etc. 


GENERAL SUMMARY 


In order to bring out the basic principles used in 
developing the Philadelphia Electric Company system, 
there are enumerated below several ideals which were 
followed so far as permitted by the economics and prac- 
ticability of the situation: 

1. The various elements of the system, such as 
generators, transformers, lines, feeders, etc., should be 
arranged, as far as practicable, so that the failure of any 
one of them will not interrupt service, or lead to a severe 
widespread disturbance. This, in the case of distribu- 
tion feeders, of course, is not practicable, except in those 
cases where the lqad densities are high enough to war- 
rant the use of a network. 

2. The various generating centers as far as prac- 
ticable, should be located with respect to the loads, so 
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that in the event of opening up of tie lines each generat- 
ing center will be self-sustaining. The increased need 
for transmitting large blocks of power from a distance, 
and the relatively high economy of recently constructed 
steam generating stations, makes it impracticable to 
carry out this principle fully. 

3. The arrangement of the system should be such as 
to permit sufficient transfer of power throughout the 
system so that generating stations can not only be 
loaded so as to secure the maximum economy, but also 
so that minimum generating capacity need be provided 
for emergency use. 

4. 'The general plan of the system should be such as 
to permit expansion to take care of increased load de- 
mands satisfactorily without retirement of certain ex- 
isting equipments due to increased duty, or sacrificing 
operating flexibility. 

ACKNOWLEDGMENT 

The author desires to thank Mr. C. C. Baltzly, op- 
erating engineer of the Philadelphia Electric Company, 
who furnished the material on operation, and Messrs. 
J. W. Jones and H. Estrada for their helpful assistance 
in the preparation of this paper. 


Discussion 


POWER SYSTEM PLANNING 
(ArmBRust AND LeCuiair, Dean, Barney) 
New York, N. Y., January 28, 1930 

A. H. Kehoe: Two of the systems described in the sym- 
posium are designated as ‘‘close linked’’ and the third one “‘loose 
linked.” It is becoming increasingly difficult to indicate by 
fundamental plan whether a system is close linked or loose 
linked. The Philadelphia plan, I believe, is very definitely close 
linked, there being ties made at almost every point where circuits 
come together. However, in the Chicago system (Chicago 
paper, Fig. 9) the 66-kv. system departs somewhat from being 
strictly close linked. Nevertheless, it cannét be designated as 
loose linked since it is operated as two separate systems tied at 
another voltage and must remain in synchronism to supply load. 
The Detroit system (Detroit paper, Fig. 3) may be operated as a 
group of independent areas without being in synchronism. I 
suggest that our definition for type of system connection should 
be ‘‘that to be close linked all parts of a system must remain in 
synchronism for proper operation, while a loose-linked one may 
be split up and operated in several independent groups.” 

The Chairman has mentioned the symposium on systems 
synchronized at the load, presented at Swampscott last summer, 
which described a method of eliminating concentrations of power 
without loose linking. Such an arrangement also reduces switch 
duties and maintains ample system stability. 

It is evident that nearly everyone is endeavoring to render 
service that is complete and continuous. Such questions as 
relaying, protection, stability, and other similar features can be 
equated-in terms of over-all reliability. In considering reliability, 
one fundamental seems to have been omitted in all of the papers; 
that is, whether there is maintained in service a fixed percentage 
of reserve to load, or whether the principle of having a spare, or 
hot, unit in operation is the one followed. Such differences have 
an important bearing upon system design. I believe it is uni- 
versal practise on metropolitan systems to have at least one hot 
unit in reserve. Such a unit is usually carrying load on the 
system. However, in ease the system is to split up on a fault, 
the design must be such that the loss of a unit in any one area 
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would not affect the capacity required by that area; otherwise, 
100 per cent reliability would not be assured. If the system 
design is such that reliability is assured with the loss of one unit, 
the required reserve capacity may be taken as one spare unit; 
otherwise, each section which may be separated from other parts 
of the system should have sufficient spare capacity in operation 
to carry its load in case of a break-up of the system as a result of a 
machine failure. Excess feeder capacity also should be main- 
tained in ‘some definite percentage of reserve to load. The 
amount of such reserve has a very marked effect upon the type 
of design. For instance, the amount depends upon whether 
there are two circuits supplying the load, which requires a 100 
per cent reserve, whether there are three elements with a 50 per 
cent reserve, or whether more units are used with still a further 
reduction in required reserve capacity. 

It appears to me that until the minimum operating reserve is 
stated as a fundamental, it is very difficult to explain the differ- 
ences in system connections or the differences in methods of 
supply to any particular load area. If such reserves are taken 
into account and the expected reliability is stated—and in most 
cases it will be 100 per cent system reliability that is required— 
then I think the reasons for the many differences in our present 
Metropolitan system connections would be made evident. 

System Development Committee of The Edison Electric 
Illuminating Company of Boston: Detailed discussions of 
papers of this type are difficult to prepare, due to the inability of 
persons outside the organization of a company to appreciate, or 
be familiar with, the many local factors dictating a decision 
which superficially would appear unwise and not in accordance 
with conventional enginering policy. 

Papers of this general character, however, are very much 
worth while as they serve to keep other organizations in close 
touch with the solutions to problems of System Planning as 
worked out to meet specific conditions in other areas. 

The situation with respect to varying local conditions is 
undoubtedly responsible for the development of the several 
rather well-defined and diverse points of view on the principles of 
System Planning. There are numerous fundamental factors 
which may differ greatly for each particular locality. Some of 
the more important of these are: 

1. The geography of the area to be served. 

2. The location and availability of suitable generating station 
sites and the relation of these sites to the area to be served. 

3. The type of supply stations, whether steam or hydro. 

4. The distribution and character of the load. 

5. The topography of the territory and its effect on the use of 
overhead or underground transmission lines. 

6. The effect that existing plant equipment must have on any 
plan of future development. This is determined by the policy 
of the management with respect to obsolescence of equipment. 

7. The views of the operating organization with respect to 
provisions for necessary spare equipment such as boilers, generat- 
ing units, transmission lines, and substation apparatus. 

The local treatment of and relative importance attached to the 
many variables mentioned, leads inevitably to diversified plans 
of System Development. 


Perhaps the most helpful contribution which we can make to 
this discussion will be to describe briefly the general principles 
which are used as a basis for the development of the system of 
the Edison Electric Iluminating Company of Boston. 


The Boston Edison. system is being divided into separate 
power zones, each fed from a major source of supply, such as a 
generating station or large capacity step-down substation served 
from one of the generating stations. These stations corre- 
spond quite closely to the Detroit Company’s Class D stations. 
From the large capacity step-down stations, energy is redis- 
tributed to other and smaller stations and to large industrial 
customers by means of cable loops. 

Each of the generating sources is to be interconnected by means 
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of direct tie lines which are installed primarily to provide means 
of interchanging spare generating capacity as needed to meet a 
deficiency at any point. Tie lines once installed for this purpose 
are thereafter used to maximum advantage in the interchange of 
power between generating station busses to effect maximum over- 
all system economy. The tie cables are operated tightly linked 
at present. 

The power zones into which the system is being divided are to 
be kept independent of one another for normal operation, but 
provision is to be made for a certain number of relief cables cross- 
ing zone boundaries to provide emergency capacity in the event 
of failure of normal supply cables into a zone. The tying in of 
these outside cables between power zones is not considered to be 
desirable on our system at the present time. Trial operation has 
developed disadvantages in complicating the network in the 
control of wattless kv-a. and voltage, and in relaying as well as 
in the stressing of circuit breaker equipment in substations 
which may lie intermediate between generating sources. This 
method of operation also requires at specific points in the various 
closed loops which involve more than one generating source, 
adequate tap changing regulating transformers, or other appara- 
tus for the control of wattless kv-a. and voltage. 

Loose linkage, if applied to tie cables, would require greater 
available reserve generating capacity on the bus for each zone, 
as at any time a zone may be instantaneously isolated. 

In general, the Boston Edison system will have three steam 
generating stations on the seacoast to serve an area of approxi- 
mately 650 square miles, roughly semi-circular in form. Cur- 
rent is generated at 14,000 volts, three-phase, 60-cycle and dis- 
tributed at generator voltage to power zones immediately ad- 
jacent to each generating station. 

The central and original steam station at L Street supplies 
downtown Boston and the downtown d-c. system. Energy 
is supplied over radially operated lines from the L Street Sta- 
tion to sectionalized busses in the substations where converters 
are paralleled on the d-c. side. Storage batteries are floated in 
reserve on the d-c. busses. The separate bus sections at sub- 
stations are served by lines originating at the generating station 
bus. This bus can be sectionalized so that in the event of the 
loss of any one section the substation will be supplied from other 
sections. 

A double-circuit 120-kv. overhead transmission ring now prac- 
tically surrounds the area. Large capacity step-down substa- 
tions on this ring reduce the voltage to 14,000 for the supply of 
power zones associated with each substation. 

A section of the 120-ky. transmission ring is a part of the 
New England Power Company’s hydroelectric system, supple- 
menting and supporting the steam supply at the seacoast. 

There is a central area, or core of the territory, which is be- 
yond the economic 14,000-volt transmission distance from any 
of the generating stations or large capacity substations. This 
area is being served at 24,000 volts direct from the generating 
stations by step-up transformer units. 

The 14,000-volt supply in the various areas is stepped down 
in local substations to 4000/2300 volts, three-phase, four-wire, 
for local distribution. : 

The Boston Edison development plan is similar to that of 
Chicago and Detroit. We are at present adhering in operation 
to the closely linked plan of Chicago, rather than the loosely 
linked system of Detroit. 

System planning should, wherever possible, provide for flexi- 
bility so that a change may gradually be made from one 
system of operation to another, as circumstances may dictate in 
the growth of the system, without the necessity of having to 
rebuild the system to meet changing conditions. 

E. G. Allen: The transmission and distribution systems usu- 
ally constitute over half of the fixed investment of a light and 
power company. It is in some respects the more important half, 
for, while there have been more opportunities for effecting 
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economies in the generating plant, the character of service is 
usually determined by the distribution system. In it originate 
the majority of interruptions to service and faults of operation. 
It is then obvious that the transmission and distribution system 
should receive as much eare and attention in design and construc- 
tion as the power plant itself. 

These papers present three different standpoints and three 
somewhat divergent methods of obtaining the same object, 
which is efficient and reliable transmission and distribution of 
electrical energy from the. power plant to the consumer. AI- 
though the standpoints are somewhat different, the final result- 
ing systems are essentially similar. 

The situation in Chicago differs from that in Detroit and 
Philadelphia in that the central portion of the city is served with 
direct current. This is the result of the evolution of the art and 
is the common heritage of several of our large cities. Although it 
is a solution to the problem of concentrated power which would 
not be adopted today, it was probably the. best solution at the 
time of its inception and is now an actuality which must be 
reckoned with where existent. 

All three cities have adopted the obvious general plan of con- 
centrated power generation in a few stations, transmission at 
comparatively high voltage to main centers, and distribution at a 
medium voltage from these centers to local substations so situ- 
ated that they can economically serve the consumers at voltages 
which are desirable for local distribution. This is the same solu- 
tion that has been found best for commodity distribution, involy- 
ing wholesaler, middleman, and retailer. 

The difference in the details of the solution of the problem 
appears in the different schemes for relaying, providing reserves, 
and eliminating faulty lines and equipment. 

Detroit looks upon each district as a unit complete in itself but 
forming an alliance with other districts to improve economy and 
severing these ties at the slightest appearance of contagious 
trouble. 

Philadelphia considers its entire system as an entity but pro- 
vides reserves at every point so that any member of line or equip- 
ment can be eliminated instantly in case it should develop a fault. 

Chicago splits its system into duplicate parts, either of which 
ean carry on the functions of the whole in an emergency. 

The points of view are different but the resulting systems are es- 
sentially similar. There are technical considerations of short 
cireuit, capacity functioning of relays, and the like which render 
a detailed comparison of the three systems far too complex for a 
brief discussion. Each has been developed to a point where its 
service record may be a matter of pride, but the engineer, never 
satisfied until perfection has been achieved, may well study the 
three solutions of the distribution problem as set forth by these 
papers to eliminate the weaknesses which still exist. 

H. R. Woodrow: The outstanding feature that has been 
presented in these three papers this morning is the indica- 
tion that real system planning is under way. Three points of view 
have been shown and at the last Summer Convention a fourth was 
presented. It is evident that each one of these systems is laid 
out on the basis of a definite plan and that is a large step in ad- 
vance over much of the work that has been done during the past 
years. 


Systems are now being planned not. only for the next two or 
three year period but with vision into the future for at least ten 
years. In looking ahead ten years some rather essential features 
are discovered. A forecast into the future ten years indicates a 
load three to four times that of the present and in laying down the 
proper plan for a system of this load radical departures may be 
made on a comprehensive scheme and much of the inadequate 
system can be expected to be removed within this period. 


Much of the material today which is not economical for 
production is too valuable as peak capacity to scrap immediately, 
but a comprehensive program will show that future systems 
should not be laid out on the basis of the present equipment and 
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that much of the equipment can be retired during the period of 
development without an undue burden on the company. 

The question of loose linkage or tight linkage is one that has 
been grossly misunderstood. For instance, the New York 
companies have been classed as having a tightly linked system, 
whereas Detroit has been considered to have a loosely linked 
system. A careful review of the two systems would show that 
from some angles the Detroit system is more heavily connected 
than the New York system; since the New York stations are 
subdivided and these tie together through a multiplicity of 
paralleling circuits via substations and load centers. In general, 
these circuits have comparatively high reactance, giving good 
stability conditions, and although each one is of relatively small 
capacity the total approximates the capacity of the section. 
The relays are so set on these interconnecting ties that a short 
circuit on any one of the connecting links has very little effect on 
the system or interconnections, and the only kind of distur- 
bance that will pull the systems apart is a short circuit on the 
generating station busses. 

In the above analysis it may be seen that the system is tightly 
connected so far as being sectionalized in case of troubles, but 
loosely linked from the standpoint of having a disturbance on any 
one of the connecting lines, affecting the combined system. 
The Detroit system, on the other hand, has all generating units 
within a station connected through heavy busses, and the ties 
between generating stations are of comparatively low reactance. 
The relays are so set that the stations are automatically segre- 
gated in case of the more usual short circuit troubles. The low 
reactance ties do not give the same stability for interconnections 
as a large number of relatively high reactance ties and conse- 
quently require the lower relay settings, as two generating stations 
are more apt to be pulled out of step in case of system troubles. 

I coneur in Mr. Dean’s statement of the desirablity of elimi- 
nating as much high-tension switching as possible. The plan 
that he has shown as D, where high-tension switching is elimi- 
nated and all switching handled from the low-tension side of the 
transformer, is very good. If it were possible, however, to have 
the separate feeders run from distinctly separate generating units 
in a station or separate generating stations, the continuity of 
service would naturally be more reliable. 

A. F. Bang and L. G. Smith: It may be of interest to 
describe briefly the layout of a somewhat smaller system, to 
point out how many of the principles and operating methods 
outlined also find application here and how some of our arrange- 
ments differ and may be worth mentioning in so far as we believe 
them to be of value. 

The system is the combined systems of the Consolidated Gas 
Electric Light & Power Company of Baltimore and the Pennsyl- 
vania Water & Power Company which supply Baltimore and 
surrounding territory, and in addition the cities of Lancaster, 
Coatesville, and in part York. 

The Baltimore (and Lancaster) systems are mixed frequency 
systems with 25-cycle supply to industrial customers and street 
railways, and 60-cycle supply for commercial and residential 
distribution and some industrial. 'The main sources of energy 
supply in Baltimore are two steam generating stations, located on 
the water front, one of which is mixed frequency, and 40 miles 
away the hydroelectric development at Holtwood of the Penn- 
sylvania Water & Power Company. Holtwood also has mixed 
frequency and is combined with a small steam plant using 
largely local river coal as fuel. 


The combined capacity of these plants is about 360,000 kw. 
and the annual output for 1929 was 1,200,000,000 kw-hr. 
44 per cent in hydro energy. Work has now been started on a 
new hydro station higher up the river (Safe Harbor) the initial 
development of which will be about 160,000 kw., 60 cycles, and 
which again will make Baltimore a city largely supplied by 
hydro energy. 


All of these systems are operated in parallel through standard 
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type frequency changers where necessary. In Baltimore these 
are at present scattered in different substations, though it is 
planned to replace these smaller units with a few larger ones of 
about 30,000 kw. capacity each. 

The main distributing and transmission voltages are 4000 
volts, 13,200 volts, 26,000 volts, 66,000 volts. 

Reclosing Device on 4000 Volt Feeders. The 4000-volt, 60- 
cycle distribution system consists of all radial feeders; each one is 
equipped with a reclosing feature which differs from those gener- 
ally used, in that the opening and reclosing of the oil circuit 
breaker is made as fast as in any way possible (approx. 0.7 sec.). 
If a feeder is successfully reclosed in this way the lights will not go 
out but merely flicker, and motors will keep on running. If the 
feeder is permanently bad it will stay out after the third opening. 
In 1929 such reclosing operations took place over a thousand 
times and 78 per cent were entirely successful, the feeder not 
being permanently injured. This device has been described 
previously in the A. I. E. E. Transactions, 1916, by F. E. 
Ricketts. For the past few years this device has also been 
used successfully on a 66,000-volt radial line. 

Feeder Reactors—13,200 Volt System. Previous to the installa- 
tion of feeder reactors on the 25-cycle system, it was not an 
infrequent occurrence that when a two- or three-phase short 
circuit occurred on a tie cable between two generating or main 
substations in Baltimore, the generating station at. Westport 
would fall out of step with Holtwood, due to the momentary 
disappearance of synchronizing power when such a heavy cable 
short circuit took place. Since the installation of such feeder 
reactors at both ends on practically all underground cables, a simi- 
lar short circuit never produces an out-of-step condition, as the 
reactor does not merely limit the short circuit but also maintains 
the voltage on the rest of the system. To quote figures: In the 
three years 1921-23, 120 cable failures occurred producing seven 
out-of-step conditions, while after this installation was practically 
completed the three years 1926-29 showed 92 cable failures with 
no evidence of any out-of-step conditions. This experience 
entirely parallels the Chicago experience on its 25-eycle system. 

Operating Transformers and Circutts as a Unit. The system we 
are considering contains many short transmission lines from 15 to 
40 miles long, where the impedance consequently is relatively 
small in the line itself, and often greater in the transformers at 
each end. As aresult we have found it of great advantage to use 
the transformers at either end as reactance coils for the short 
overhead lines. This is done by operating all transmission 
circuits separately on the high-tension side and only paralleling 
on the low-tension side, in other words, switching circuits and 
transformers as a unit. This arrangement, in our opinion, has 
been very successful and will clear a disturbance on these circuits 
with a minimum amount of disturbance. It has also the ad- 
vantage that the expensive high-tension oil switches can be 
omitted and at the generating end it gives the simple and very 
reliable ground relays an excellent chance to work as they can be 
set at very low current settings and as a ground on one eireuit 
does not affect more than one relay. On the 60-cycle system in 
Baltimore it is planned in the future to tie the main generating 
stations and the terminal substations from the new hydraulic 
development at present under construction, with 33,000-volt 
underground cables. These cables too will be operated in a 
similar way without high-tension oil switches and switched only 
on the low-tension side of the transformers (13,000 volt). 

Bus reactors are used at the Holtwood plant for limiting the 
short-circuit current on this bus. They serve, however, another 
important purpose also. On a river of variable flow like the 
Susquehanna River the hydro plant will in low flow periods be 
used to carry the peak and be shut down at night time to store 
the water. During such periods it is necessary to send an 
appreciable amount of energy back from the Baltimore steam 
plants to the Pennsylvania customers. As there is no means of 
changing transformer taps under load and the power flow is in the 
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opposite direction of normal, full voltage is maintained on the 
Pennsylvania customers by inserting sufficient of these bus 
reactors between Baltimore and the part of Holtwood bus from 
which the Pennsylvania customers are fed and by floating one 
generator as a synchronous condenser with the vacuum broken in 
the draft tube of the turbine. In this way from 14,000 to 18,000 
kw. can readily be sent in the reverse direction with an increased 
voltage of some 20 per cent. 

Grounding of Generator Neutral. In a power house like Holt- 
wood where there are no feeders or transmission lines directly 
connected to the bus, but all power is sent out through trans- 
formers, it has been found to be desirable not to eround the 
generator neutral at all. If an accidental ground occurs the 
capacity current will be the only current flowing, and this is so 
small that it does no harm. In other words, accidental contact 
or “grounding” or even the accidental opening of a disconnector 
under load, does not necessarily result in a flashover between 
phases. On a rather old-fashioned bus construction this has 
been of great advantage in the 20 years it has been in operation,— 
there has been no short circuit on this bus in 17 years. 

To leave the generator ungrounded, we do not consider 
practical when many feeders, overhead and underground, leave 
directly from the bus. At the Westport station, which has a 
modern switch-house with vertical phase separation, the ar- 
rangement is that that neutral of all the 25-cycle generators. is 
carried to a neutral bus which is again grounded through a 
reactor of about 34 ohm and of sufficient size to withstand a 
dead ground for four minutes carrying 10,000 amperes. Using a 
reactor instead of the more common resistor for this purpose has 
been done for about two years without any difficulty developing. 
The neutral of the 60 cycle generators, on the other hand, is 
dead grounded. 

Operation of System. Operation of a system like Baltimore, 
which relies for about one-half of its energy on hydro power some 
distance away, must necessarily be as a rather close linked sys- 
tem during periods of high flow in the river. During such 
periods it has been found an advantage to split the busses not 
only on the high-tension side but also on the low-tension side at 
the terminal station of the incoming hydro power and (especially 
when these busses for some reason must be tied) to split the 
generating capacity at the main steam station at Westport in two 
or three sections. Paralleling, in other words, takes place only 
on the low-tension bus at Holtwood and at the different substa- 
tions, in this way somewhat approaching the synchronizing at the 
load arrangement now used successfully in New York. Such a 
scheme distinctly keeps down the tendency for severe distur- 
bances, such as ashort circuit ona substation bus, from spreading 
to the remainder of the system. It also helps to get the proper 
division of load between the different groups of cables. 

In spite of the many improvements that have been made in 
late years, overhead transmission lines are, of course, still subject 
to various troubles unknown to underground transmissions, 
notably lightning and sleet. On the Holtwood-Baltimore sys- 
tem, disturbances from lightning are kept at a minimum by using 
four circuits in parallel. Experience indicates that more than 
two circuits are very rarely hit at the same time. Nevertheless, 
for full protection of the more important downtown city and 
lighting load, arrangements are made to carry extra steam in 
Baltimore when a storm approaches, and this section of the 
system is then arranged with quite a loose tie with the remainder 
of the system and such a tie will promptly open up on severe 
transmission disturbances. This is similar to the loose linkage 
of the Detroit Edison system. 

The other serious trouble on transmission lines is sleet, but this 
difficulty seems to have been overcome on the Holtwood-Balti- 
more system entirely by means of melting any sleet off by current 
from the power house as soon as it appears. Thus there has been 
no outage on these lines due to sleet for the last 12 years, while in 
the previous seven years, about twelve disturbances from this 
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took place—some of them resulting in broken cables. It is, 
therefore, the Pennsylvania Water & Power Company’s policy 
now to arrange for sleet melting on all its important 66,000-volt 
circuits. 

Division of Load Between Substations. By virtue of the fact 
that in Baltimore a substation may be fed from two generating 
stations, and with a number of such stations fed in this manner, 
an interesting problem of control of energy between the various 
groups of cables from the same generating station is introduced. 
It was found that it was necessary to check the phase angle shift 
from generating station to each of the substations so that the 
proper loading of cables and the desired distribution of load is 
obtained with the same phase angle difference between the two 
generating station busses. When the 33-kv. generating station 
tie system is completed the necessary phase angle correction has 
been calculated and phase shifting transformers must necessarily 
be used, such as described by W. J. Lyman. 

Rural Load. In order to supply the rural distribution load in 
the neighborhood of Baltimore, a 66-ky. steel tower line has been 
installed around the city. This line is designed for future opera- 
tion at 110 kv. From the substations on this ring 13.2-kv. lines 
have been installed to supply small pole-type step-down sub- 
stations for feeding rural distribution lines. The voltage on 
these 13.2-kv. lines may be raised at a future date to 33 kv. and 
they have been so designed. Due to the fact that the step-down 
substations from the ring will never be of very great capacity, it 
was desired to make them as cheap as possible and at the same 
time render reasonable reliability of service. To this end all of 
the switching, both on the supply stations to the ring and on the 
step-down substations, is accomplished on the low-tension side 
of the transformers so that there will be no 66- or 110-kv. switch- 
ing. Oil circuit breakers of 110-kv. have been installed at the 
mid-point of the ring to sectionalize it automatically in case of 
trouble. 


Influence of Relays on Layout. As brought out in the diseus- 
sion of the Chicago system, the system layout has a material in- 
fluence upon the method of relaying used. However, the con- 
verse may be true, that is, the system of relaying adopted might 
influence to some extent the layout of transmission cables. In 
Baltimore all of the transmission cables are relayed by current 
differential protection backed up by straight overload protection. 
In order to obtain selective action of relays in the current differ- 
ential scheme a minimum of three cables to each substation is 
required. Asa rule, four cables are preferred so that one cable 
out of service will still permit selective relaying among the 
remaining three. In some cases where a new substation has 
been started and not more than two cables justified, a scheme of 
potential differential relaying has been devised. This is obtained 
by inserting reactance coils or step-down transformers between 
the pothead and bus in each incoming cable. The potential 
transformers are installed on the pothead side of the reactances 
and differentialed through a special voltage relay, so that when 
the voltage on one cable is higher than that on the other, a 
definite rotation of the relay disk is obtained. In order to keep 
potential off the voltage relays under normal conditions, an 
instantaneous current relay is provided which connects the 
voltage relays to the two potential transformers only during 
short-circuit conditions. 


E. C. Stone: I was interested in Mr. Moultrop’s comment 
on the method of handling system planning in Boston by a 
committee made up of representatives of the interested depart- 
ments. Since 1922, in Pittsburgh, we have had a system plan- 
ning division whose business was to do nothing except plan the 
development of the power system. The engineers in this division 
are specifically trained in the problem of system planning for 
the purpose of getting the best possible system. 

In passing, I want to call attention to one point that was 
brought out by one of the diseussors—the similarity of the various 
systems that have been described. Considerable emphasis has 
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been placed on the difference in the size of the territory and the 
character of the territory, and the details of the system, but I 
think we should bear in mind that the three systems described in 
the three papers, and the system described by Mr. Moultrop, and 
to a certain extent the system commented on by Mr. Bang, are in 
principle exactly the same. That is to say, afew large generating 
stations are connected together by high capacity lines, with 
direct feed to the load, both from the generating stations 
and from substations on these trunk lines. These groups 
of distribution, so to speak, are centered around the various 
generating centers and more or less isolated electrically. This, 
by the way, was the system we adopted in Pittsburgh in 
1916 and we have been deliberately and consistently working 
toward the development of it since then. However, in my 
opinion, this is not the ultimate answer and I believe that we will 
see changes in these fundamental principles in the next ten years. 

I think our present systems are too complicated. I think the 
intermediate voltages are too low, and I think the substations 
are too elaborate. There are probably other things that will 
suggest themselves to you. 


In power system design during the past few years attention 
has been centered on the problem of minimizing the severity and 
reducing the extent of system disturbances, the principal causes 
of which appear to be short circuits which do not clear before the 
stability of the generators is affected, and incorrect operation. 
Analysis discloses that there are two fundamental conditions to 
be met, as follows: 


(a) Adequate transmission of energy from the power sources 
to the load. 


(b) Stable synchronous operation of the various generating 
units under abnormal as well as normal system conditions. 


In the systems just described the second condition has been 
recognized by the installation of additional special circuits set up 
for the purpose in the form of reactors between generator busses 
and tie lines between power stations. In the “synchronized at 
the load’”’ scheme now in operation in New York, however, the 
second condition is complied with in the arrangement of the 
main transmission circuits without any special equipment such 
as reactors and station ties.. The system connections are so 
arranged that the impedance of the regular load-carrying lines 
and transformers takes the place of the special reactors and tie 
lines in the other systems. 


Another general characteristic of the systems just discussed 
appears to be the grouping of generators and loads in several 
sections with only one or two connecting links between the 
sections, so that if the system protective apparatus fails, the 
section in which the fault has developed may be promptly isolated 
from the rest of the system. In the New York system, feeders 
are interlaced between stations so that the isolation of a section 
becomes more complicated. 

In all of these systems a major purpose has been to interpose 
sufficient reactance between generators so that if a dead short 
eireuit occurred at the terminals of one machine, the voltage on 
the other machines would be sustained at a high enough value to 
hold them stable. If, however, it should become possible always 
to isolate short circuits by means of high-speed circuit breakers 
before instability could develop, it might be possible to do away 
with the insertion of high reactance between generators, thus 
accomplishing substantial simplification in many cases. 


Improved continuity of service has clearly been the principal 
aim of the past few years in system design. It is significant that 
all of these systems are built up around the central fundamental 
that failures must be expected in all parts of the system, and that 
provisions must be made for meeting such failures without 
interruption to service or overloading of plant. This is true in 
electrical transmission to a far greater degree than in the trans- 
mission of energy in other forms, such as water or gas. If this 
necessity of providing for breakdowns was greatly reduced or 
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eliminated, there would be substantial changes in our principles 
of design. 

Nevertheless, the tremendous advances of the past few years in 
this direction must be recognized. The developments of the past 
few years have given to us apparatus and equipment much 
better for our purposes. Obviously, the extent to which we must 
guard our continuity depends upon the reliability of our appara- 
tus, and as the reliability of apparatus improves the system 
design will become more simple. 

Much more is known now about the theory of the behavior of 
insulation under voltage stress. Progress in this direction must 
of necessity be slow, but may be expected to be steady. Already 
we are feeling the effect of it in the development of high-voltage 
lead-covered cables, which are revolutionizing power distribution 
in congested districts. Developments in selective relaying and 
circuit interrupting devices are also very important. The low- 
voltage network protector offers a principle in relaying which may 
be of great value in power systems of the future. High-speed 
circuit breakers, thoroughly reliable, and of ample interrupting 
capacity, will undoubtedly very much simplify the fundamental 
power system schemes. Studies in lightning protection will 
revolutionize the reliability of overhead transmission systems. 
The result of these developments, together with many others 
which might be mentioned, will be greatly to reduce the prob- 
ability of electrical failure by making the various parts of the 


system more reliable, which in turn will undoubtedly lead to’ 


greater simplicity and economy. Studies of breakdown experi- 
ence in the various parts of the system and of future expectation 
of breakdown, based on the theory of probability, should be of 
substantial value in analyzing this problem. 

While undoubtedly most serious attention has been given to 
the economic aspects of the systems under discussion, it is dis- 
appointing that more emphasis is not placed on them in the 
papers presented. Some of the more important of these factors 
appear to be as follows: 

Ratio of installed generating capacity to system peak load 
(size of largest unit). 

Proportion of spare capacity for emergency in lines and sub- 
stations. 

Flexibility of system connections and number of circuit 
breakers—ability to concentrate system spare capacity at any 
needed point. 

Closeness of relation between loads carried and operating 
capacity as system grows. 

Cost of synchronizing circuits, including reactors and generat- 
ing station tie lines. 

Required interrupting capacity for circuit breakers—use of 
reactors. : 

Closeness of adaptation of rated capacity to actual loads 
carried (operation on total temperature basis). 

Economies of interconnections or tie lines. 

Of particular importance is the necessity of giving exten- 
sive study to the ultimate capacity of all parts of the system 
for relatively short periods of time under those unusual conditions 
of abnormal operation which occur only perhaps once in five or 
ten years. 

In the struggle for more system capacity per dollar of invest- 
ment, which is bound to be intensified in the next decade by the 
nearer approach to load saturation, and probable competitive 
conditions, we shall undoubtedly hear more of the economic side 
of the power system problem. 

H. L. Melvin: The descriptive papers on the New York, 
Chicago, Philadelphia, and Detroit systems outline basic plans 
for serving four great metropolitan areas. In each situation the 
problems are somewhat different and the fundamental plan 
adopted has been varied. Interrupting capacities of oil cireuit 
breakers, stability, load distribution and relation of power plants 
to the loads, together with service requirements seem to be 
controlling factors in selecting the schemes of connection. It is 
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interesting to note that a voltage or voltages above those com- 
monly used for primary distribution have been required in each 
case for the transmission of larger blocks of power and for inter- 
connection purposes. With developments in underground 
construction for the higher voltages and improvements in over- 
head line designs, it would be expected that there will be more 
extensive use of the transmission voltages even to the extent of 
using them for purposes for which distribution voltages are now 
being used and planned. 

The basic principles and lessons which have been learned, 
particularly that of the necessity for careful system planning, 
can well be applied to the newer and growing situations. On 
systems of the type which cover extensive low load density areas 
and distances of many miles, either within the system itself or 
between systems contemplating interconnection, a different 
group of factors become predominating. On such systems the 
locations of power sources are determined by the availability of 
hydro and economic location of thermal plants. Relatively long 
high-voltage lines are usually required which are routed from 
power sources to load centers, through territory being served and 
as interconnecting lines between systems or between parts of a 
system. The selection of suitable nominal voltage or voltages 
for the transmission system, which takes into account service to 
the entire territory which may logically develop into an inter- 
connected network, is of prime importance. Economics, service, 
voltage control, and stability are important considerations in the 
planning of such a system, rather than oil circuit breaker inter- 
rupting capacities, and some of the other major problems peculiar 
to metropolitan systems. 

Improvements in the performance of governors both steam 
and hydraulic, automatic system speed control, improved excita- 
tion schemes, increased interrupting capacities of oil circuit 
breakers, decreased duration of faults on the system by increas- 
ing the speed of oil circuit breakers and relaying will all have their 
influence on system planning in the future. These improvements 
are coming about largely due to the urge and necessity for their 
development as they have presented themselves in working on 
system planning problems. Continued encouragement should be 
given to development and research which will aid in further 
improvements to existing equipment and operating procedure, 
thus effecting improvements to service and greater utilization 
of facilities. 

The design and selection of load control equipment present 
many problems; however, it is unfortunate from the economic 
and operating standpoints that phase shifting equipment and 
transformers for making minor adjustments in voltages seem to 
be necessary in many of the interconnections under consideration. 


Reviewing developments during the past few years, it can now 
be seen where many of these conditions might have been avoided 
and construction which has been done might be functioning more 
effectively if more foresight had. been exercised. Systems will 
continue to expand and interconnections will, no doubt, be made 
in increasing numbers, so we may well profit from present ex- 
periences, particularly in territories where two or more utilities 
may be operating. Cooperative planning and study of the funda- 
mental problems involved, between the various engineering 
groups interested in a given situation, also engineering influence 
in contractual relations should be fostered with the expectation 
that economies will be effected and service improved. 

D. K. Blake: This problem of system planning seems to me 
to turn around one point which has been emphasized by Mr. 
Kehoe, namely, reserve capacity. If it were not for the question 
of the failure of equipment, if we could always be sure that the 
equipment worked perfectly, we would not need to provide any 
reserve capacity. So it is my opinion that the real problem of 
system design is to provide economically that reserve capacity. 

It is to be regretted that all of the authors did not include a 
series of underlying principles, as Mr. Dean did. Inasmuch as 
the time is short I will not take them up in detail but will just. 
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make two brief statements. First the problem in the abstract 
and then the problem in the concrete. 

Considering the problem in the abstract, that is, not consider- 
ing any local conditions whatsoever. It would-be difficult for 
any advocate of the low-voltage a-c. network system to provide a 
better set of specifications in order to influence a selection of that 
system than Mr. Dean has in his first five points as to what are 
the principles to serve as guides. It is my opinion that, con- 
sidered in the abstract, there is no system that will meet these 
points as fully as will the conventional low-voltage a-c. network 
system. 

Considering the problem in the concrete, that brings in the 
question of your local conditions. Of course I have no local 
conditions of my own and am not so well qualified to talk upon 
that, but I will point this out; that you are now in a locality 
where the local conditions vary considerably. Can you imagine 
any spot upon the face of the earth that has a wider range of 
conditions than Manhattan Island on one hand and Flushing and 
Queens and Brooklyn on the other, with their differences in load 
density. Four or five different groups of engineers studying this 
problem and using the principles similar to those that Mr. Dean 
has outlined as guides, with the addition of the reserve capacity 
mentioned by Mr. Kehoe, and the continuity at the consumer 
mentioned by Mr. Woodrow all come to the same conclusions as 
to what type of system it ought to be, namely, the low-voltage 
a-c. network. 

W. J. Lyman: One of the most important features of any 
fundamental system plan is the manner in which future increases 
in load are to be handled. Very often, the only way this is taken 
into account in the master plan is a general provision that more 
circuits will be added when required and substation space may be 
reserved for the future equipment. 

This continual addition of circuits sometimes leads to undue 
complication, causing annual changes in system layout and 
making the systems which we are actually operating today only a 
temporary step toward an ultimate goal which may never be 
reached. One solution to this problem is a somewhat different 
general scheme which may find application in many cases, es- 
pecially in high load density areas requiring underground cables. 
The basic principle involved is that the number of circuits re- 
quired for supplying a given area depends primarily upon the 
spare capacity required and standard of service to be rendered 
and should be to a large extent independent of the amount of 
load. Thus it might be that six feeders to a certain area would be 
required for a flexible, economical, and dependable system. In 
the event that the load in the same area doubles, six feeders of 
double capacity probably would be about as satisfactory as 
twelve feeders of the original size. 

With this in mind a definite transmission aes could be laid 
out from the power source to the load centers providing terminal 
equipment for the desired number of circuits. As the load grows 
new cables (or overhead lines) would be installed and connected 
in parallel with the existing cables on the same breakers. In this 
manner the feeders would develop in two, three, or four cables 
paralleled at both ends, preferably with disconnecting devices so 
that a faulty cable could be isolated quickly and the feeder 
returned to service at reduced capacity. 

During the development, if higher capacity circuits prove 
feasible they could be readily accommodated, relieving some of 
the smaller cables to reinforce other feeders. If the limit is 
sometime reached for the particular voltage used, a feeder could 
be replaced with a higher voltage cable with transformers at 
both ends. 


Thus by making the capacity of the transmission units keep 
pace with the increase in load density, the system would remain 
unchanged over a long period of time in its essential layout, 
would be easy to operate economically in switching, and would 
avoid the confusion attendant on frequent changes in system 
connections. 
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J. W. Bennett: (communicated after adjournment) Factors 
of primary importance in the development of any system of 
power supply, are simplicity, flexibility permitting growth 
without excessive obsolescence, and the selection of the proper 
voltage for the various parts of a system. As is, I believe, 
quite well understood, the design of any system is a compromise 
among a number of contradictory requirements. It is therefore 
very important that the whole system be considered in the 
design of any of its constituent parts. 

The three systems described in the papers presented ere: 
reveal two fairly distinct types of systems of power supply for 
metropolitan areas, namely the so-called close linked system as 
used in Chicago and Philadelphia, and the loose linked system in 
Detroit. Papers presented by Messrs. Kehoe, Griscom, Searing 
and Milne, Volume 48, A. I. E. E. Quarterly TRANsacTIons, 
October 1929, describe another method of power supply to a 
similar area, that of a system synchronized at the load. It is 
to be hoped that an exchange of ideas on this rather broad sub- 
ject will ultimately lead to the development of a system which, 
with some modifications due to local conditions, can be generally 
used. 

There are two points in connection with power system planning 
First: A power 
system should be simple. The use of complicated switching and 
protective equipment, while apparently justified in a great many 
eases, often causes more faults than it prevents. Second: Any 
plan for power system development should take into considera- 
tion the distribution as well as the power generation and trans- 
mission divisions. A great many of our systems are well planned, 
and efficient in operation, up to the secondary bus in the distribu- 
tion substation. From this point on, they have been permitted 
to grow with scant regard for any system plan, with the result 
that the losses in distribution lines on many systems more than 
overcome the savings made in other parts of the system. There 
are probably more opportunities for savings through improve- 
ments in the distribution system of the average operating 
company than in all other parts of the system combined. It is 
to be hoped that operating engineers and executives will in the 
future, give the distribution division of the system the attention 
it should have by virtue of its importance as compared to the 
other parts of the system. 

G. M. Armbrust: Referring to the diagram, Fig. 9, the 66- 
ky. system is cited as an example of part of a solidly intercon- 
nected system which may not have the degree of stability 
generally ascribed to such a system. However, the difference 
between the terms “‘solidly interconnected’’ and ‘‘loose-linked”’ 
is more or less relative. Not all the parts of the solid system 
need have the same degree or absolute maximum of stability, 
but it is intended that they be made stable under all conditions 
that may be imposed on the system. In the other type of 
interconnection, Mr. Dean does not want his linking too loose. 
The various degrees of stability desired are those required to 
meet the condition imposed by the requirements of the individual 
systems described and by the policy of the management regarding 
service standards in each system. 

Mr. Moultrop brought out a good point regarding flexibility 
in the system design to provide for variations which may become 
necessary in the future. An example of this is the operation of a 
220-kv. line from Powerton Station to Chicago. Referring to 
the diagram, Fig. 11, a 220-ky. line is to be superimposed on the 
132-kv. connection between Powerton and the 66-ky. bus in 
Chicago. Preliminary studies of the stability of this part of the 
system indicate that parallel operation of these lines will be 
unstable and it will be desirable, at least until more lines are 
added, to split the bus at Powerton and operate this line ‘‘syn- 
ehronized at the load’’ somewhat according to the principles 
outlined by Mr. Woodrow and used on the New York systems. 

Itis generally agreed that the elimination of high-tension switch- 
ing equipment is desirable. However on a high-voltage system 
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which constitutes a bus receiving and distributing energy at 
various points, switches and busses may be justified by the 
reduction in transformer capacity otherwise required. Also on 
long high-voltage lines forming part of a general interconnection 
carrying considerable amounts of energy, the addition of high- 
tension switches and busses may increase the stability limit of 
the system by an amount sufficient to justify their use. 

Regarding the reserve capacity in generators and feeders 
required for the system, as Mr. Kehoe says this is one of the 
fundamentals of reliability and system design. The require- 
ments for reserve capacity may vary somewhat with the type of 
system design. In the closely linked system, such as used in 
Chicago, reserve capacity at any one point is available at any 
other point on the system without special provisions in transmis- 
sion-line capacity, and therefore the amount of running reserve 
capacity need only be equal to the largest unit in the entire 
interconnected system. When the system reaches considerable 
proportions, it may be even desirable to have reserve capacity 
which is more than equal to the largest unit, and this may be 
accomplished without the percentage reserve being unreasonable. 
It also becomes practicable, with the closely linked system, to 
install relatively larger generating units, as the capacity is 
available at all points rather than in any one area. 

One of the principal differences between systems which has not 
heretofore been mentioned is that, with the loosely linked system 
or with the system synchronized at the load, it is either necessary 
to increase somewhat the capacity of transmission lines or to 
distribute the new and efficient generating units proportionately 
between the various areas. With the rigid system of inter- 
connecting lines, one station may contain entirely efficient 
turbines and another station, which is the center of a different 
area, may contain inefficient turbines, while still permitting the 
maximum operating economy by the use of the best equipment 
at all times. 

S. M. Dean: The opinion seems to be that “loose linking’’ 
is a kind of ‘‘touch and go” thing that may fall apart if somebody 
sneezes inadvertently. It isn’t at all. It consists of good solid 
ties. These ties may be increased to something like 100,000-kv-a. 
total capacity if necessary. The important thing is that the 
reactance of the “‘interlinking ties” is sufficiently high so that, 
with a short circuit on a feeder bus, the neighboring generating 
stations ean continue to supply their portion of the short-circuit 
current without serious disturbance to themselves for a period 
long enough to permit the switchgear in the faulty power area to 
clear the trouble if it is going to do so. : 

The matter of system reserve has been mentioned. It seems to 
me there are two considerations there. One is the size of generat- 
ing units and the other is the number of generating units. It so 
happens, to speak again of Detroit’s condition, we have some 24 
generating units. There are enough of them so that we must 
assume one out for maintenance work at all times. We must 
therefore be ready to drop a second unit. With our 50,000 
kilowatt units, that means 100,000 kilowatts total reserve plus 
a little more because it is not all equally available to all parts of 
the system. The actual total load is something over 500,000 
kilowatts, so a little over 20 per cent is the minimum reserve that 
we can safely carry. It is evident at once that it is unwise to 
have too large a proportion of the total generating capacity in 
any one unit as it increases the necessary reserve to an abnormal 
amount. 

I was much interested in the comments on where you syn- 
chronize the units of your system. We would do it at the 
customer’s service voltage, if we had enough load at that voltage. 
Unfortunately we do not, so we must go higher in voltage to 
where we do have enough load and consequently enough tie 
facilities to hold the system together. In principle you tie 
together at the lowest voltage level at which you have intercon- 
nected load enough to do so. If one has enough interconnected 
load at a-c. network voltages to permit tying at that level, one 
is very fortunate. 
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Someone mentioned 100 per cent continuous service. That is 
a nice thing to talk about, but the Detroit Edison Company 
recognizes that there are certain classes of our load, particularly 
residential, which can endure an occasional one-second interrup- 
tion. The Class A substations are predicated on that fact. If 
your lights go out when you are reading your paper the first thing 
you do is to sit still for a moment until you can readjust your 
faculties to the new condition. If your lights come on again 
before you can readjust yourself to the extent of falling over a 
neighboring rocking chair you will probably consider that as good 
enough service. You can trade in an occasional interruption 
of that kind for switchgear, and that is precisely what we did. 
We cut out the high-voltage switchgear and used the automatic 
throwover. 

I heartily agree with what Mr. Stone had to say about substa- 
tions being too expensive and complicated. While we first do 
the things which we must do to prevent general blow ups, there- 
after we should do the rest of it as economically as possible. 
That is where electrical engineering becomes an art as well as a 
science—the art of making our reserve in transformers, cable 
capacity, ete., do two or three things instead of one. 

You will note the total absence of duplicate busses and switch- 
gear in the Detroit Edison Company’s system. We spread our 
substation cables over the generating station bus in such a 
fashion that we can lose any one bus section without subtracting 
more than the normal reserve of cable and transformers from any 
substation and thereby avoid duplicate busses and switchgear. 


Mr. Woodrow spoke of substations and generating stations 
becoming obsolete in ten years. If the substations built in the 
last three or four years on the Detroit Edison Company’s system 
become obsolete in ten years I am sure a number of us will have 
to put on our hats and start running and I shall be one of them. 
If properly designed, they should have a useful life of much more 
than ten years. It is also a serious matter in a loosely linked 
system to allow generating stations to run down to a condition 
where they are valuable only as reserve because such reserve is 
not equally available to all parts of the system. There is a real 
urge to develop what might be called an “open end” generating 
station design wherein you may add a large unit at one end and 
remove a couple of small obsolete ones from the other end and 
thereby maintain a reasonably economical station continuously 
and one which can grow with the load in its power area. 


Mr. Melvin spoke of the use of higher voltages to serve custo- 
mers in the future. If you look back over the history of any of 
our systems, you will find we started with only 2300 volts. 
Some of us went to 4000 volts. Others were fortunate enough to 
have picked out higher voltages such as 4400 or 6600 volts to 
serve the customers. Gradually the loads became so big that the 
number of feeders became a burden, and the next thing we were 
serving them at 12,000 volts, 24,000 volts, or higher. We must 
be ready to serve our bigger, newer customers, at higher and 
higher voltages. That is one of the reasons why Detroit has 
built a few 24,000-volt switching stations throughout its system 
as sourees of feed to very large voltage customers. 

Raymond Bailey: I think the two authors who preceded 
me in closing their papers have very ably answered most of the 
questions brought up in the discussion. On account of the 
limited time, I will just make one or two remarks. 


In my opinion, the terms loosely and closely linked systems 
are largely relative. It would appear that as a closely linked 
system grows it may be desirable to sectionalize large capacity 
transmission centers, so as to limit the magnitude of the short 
circuit currents, and minimize the effect of disturbances at times 
of faults without sacrificing the desirable characteristics of 
closely linked systems. ee 

I was very much interested in Mr. Stone’s remarks regarding 
simplicity and reduction in investment. It seems to me that 
these two things will logically go hand in hand. Referring to his 
remarks concerning operation on a temperature basis, IT should 
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like to give two examples. In the case of our Plymouth Meeting 
transformer banks, which have a rating of 130,000 kv-a. when 
operated with forced air cooling, we carry loads as great as 
150,000 kv-a. when the ambient temperature conditions are such 
that this can be done without exceeding the allowable transformer 
oil temperature. The 7500-kv-a. transformer banks in our 
distribution substations would be operated with loads as great as 
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9500 kv-a. in the event of one bank being out of service. 

I note that there were no questions concerning the size of gen- 
erating units and of generating stations. It seems to me that 
both of these matters, especially the size of the station, are very 
important in their relation to the over-all system investment and 
economy. For this reason I feel that comprehensive studies of 
this matter in the future are well worth while. 
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Transoceanic l’elephone Service —General 
Aspects 


BY T. G. MILLER! 


Associate, A. I. E. E. 


Synopsis.—The extent of transatlantic telephone service and its 
growth since tts inception in 1927 are outlined in this paper. 

It is pointed out that at the present time 86 per cent of the world’s 
telephones are included in the area served and about 50 calls are 
made per business day. Analysis is given of the calls with respect 


OMMERCIAL telephone service between the 
United States and Europe was initiated January 7, 
1927 over one radio circuit, using long waves 
(about 5000 meters) and with the circuit terminals at 
New York City and London, England. ‘Two papers? 
were presented at the Winter Convention of the Institute 
in February, 1928, on the subject of Transatlantic 
Telephony, and these outlined the situation as it stood 
then, after one year’s experience with this new telephone 
service. 
There has been a rapid and consistent growth in both 
the scope and volume of this overseas telephone ser- 


vice, which has clearly demonstrated that such service’ 


has a permanent and important place in international 
communications. It is the purpose of this paper to 
review briefly the changes in the character and extent of 
the service that have been made since the presentation 
of the papers referred to and to consider certain general 
aspects of the service as now furnished. 

The initial long-wave radio circuit has now been sup- 
plemented by three radio circuits which operate at short 
wavelengths ranging from approximately 12 to 50 
meters and which terminate at New York and London. 
In addition to the European service, arrangements have 
been made for establishing telephone service early this 
year between the United States and points in South 
America by the use of a short wave radio telephone 
circuit with terminals at New York and Buenos Aires. 
These new short-wave systems are discussed in three 
papers to be presented at this meeting by Messrs. 
Bown, Oswald, and Cowan. 

The whole of England and Scotland, Dublin and 
Belfast in Ireland, most of the important cities and 
countries in Europe, and one point in Africa, are now 
within reach of telephone users in the United States, 
Canada, Cuba, and Mexico. The number of points 
between which the service is available is continuously 
increasing, as new points and even whole new countries 
are added from time to time as the necessary arrange- 
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to distribution by countries, by time of day, and by kind of message. 
Thevolume of calls, the rates, and a general indication of the quality of 
transmission are given. Plans for future extensions of the service 
are outlined. 


ments are made. Very soon after the inauguration of 
the telephone service between New York and London, 
this service was made available to telephone users in all 
parts of the United States. Soon thereafter extensions 
were made to Canada, Cuba, and Mexico. In Europe 
the extensions have closely followed the development of 
the continental connections centering at London, which 
is still the European terminal of the transatlantic tele- 
phone circuits. Among the more important European 
extensions was the opening of service to France and 
Germany. The shaded areas on the map shown in 
Fig. 1 indicate those ‘sections of the overseas world 
which could be reached by telephone from the United 
States, Canada, Cuba, and Mexico at the end of 1929. 
Twenty countries, with a population of about 400 
million and with eighty-five per cent of the world’s 
telephones, were included within the area served on 
both sides of the Atlantic. The next major develop- 
ment expected will be the connection to this network of 
a substantial part of South America by the inaugura- 
tion of telephone service over the New York-Buenos 
Aires circuit mentioned above. 

For the year 1929, the distribution of the transatlantic 
calls by countries at the European end was about as 
follows: 

England, 52 per cent; France, 32 per cent; Germany, 
8 per cent; other countries, 8 per cent. 

Although the daily service period was limited at the 
start by the restriction of the hours for telephone use of 
the Rugby transmitting station in England, it later be- 
came possible to extend the hours so that in the spring 
of 1928 the service was available about 101% hours each 
business day. As the demand for the service increased 
and additional channels became available to increase 
the reliability of the service at times when atmospheric 
conditions were unfavorable, still further extensions 
were made in the hours of service. The chart in Fig. 2 
shows graphically the changes in the hours of service 
which have been made. Since September 10, 1929 
the service has been available on a 24-hour day basis. 

The changes that were made in the hours of opening 
this service in the morning are due in part to changes 
in London and New York to thedaylight saving plan. 

The service is in greatest demand during those periods 
of the day in which the business hours in America and 


621 


30-40 


622 


Europe overlap, although the tendency of this traffic to 
peak in these hours is not as great as might be expected. 
It is an interesting fact that even with a time difference 
of five or more hours, which leaves only a few over- 
lapping business hours, the hour by hour demand for 
the transatlantic telephone service displays quite the 
same characteristics as generally comparable long dis- 
tance telephone traffic in this country. Fig. 3 shows 
the distribution by hours of the transatlantic traffic and 
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for purposes of comparison the distribution of other 
person-to-person traffic originating at New York. 
The remarkably close agreement may be explained in 
part by the fact that the usual business hours in this 
country correspond to the afternoon and evening in 
Europe, at which times there seems to be the greatest 
demand for transatlantic telephone facilities for con- 
ducting business and for social conversations. 

The basic rate from New York to London is at present 
$45 for three minutes with slight additions for exten- 
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sions in Europe or America. ‘The initial rate of $75 
was reduced to the present level on March 4, 1928 and 
this was, of course, responsible for some growth in 
business. The messages per day, avetaged monthly, 
increased from 13 in February 1928 to 45 in May, only 
three months after the rate reduction, although part of 
this increase was due to additional points reached by 
the service during this period. 

The volume of business offered in the European ser- 
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vice has grown rapidly. From a start of only a few 
messages each day in 1927, it has grown until during 
1929 the average was close to fifty messages per business 
day. Fig. 4 shows this graphically. The largest 
number of messages handled in any one day to date was 
139. Aside from the seasonal variations which usually 
result in a falling off of business during the summer, 
and the drop following the opening due to the falling 
off of calls placed partly out of curiosity, the trend has 
shown a consistent increase. Some of the factors 


April 1930 


contributing to this, other than the changes in rates, 
are the improvements in transmission and speed of 
completing connections, the increase in points within 
reach of the service, the extension of service hours, 
and an increasing appreciation by the public at large 
of the value of this service. 
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HOURS OF TRANSOCEANIC TELEPHONE SERVICE 
SHADED AREAS SHOW REGULAR SERVICE HOURS 
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As to the nature of the business handled, social calls 
seem to make up a large percentage of the transatlantic 
telephone traffic. The actual percentages of the 
business which may be classified as social, business, or 
otherwise, are as follows: 

Social, 48 per cent; Bankers and Brokers, 27 per cent; 
Merchants, 4 per cent; Miscellaneous 21 per cent. 
It should be appreciated that there may be some in- 
accuracy in this classification, since it is largely based on 
the location of the called and calling telephones. 

With connections as long as those involved in trans- 
atlantic service, and with circuits subject to the trans- 
mission variations inherent in radio, there is a likeli- 
hood that some atmospheric or other conditions will 
cause momentary interference to conversation. The 
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results of transmission observations on New York- 
Great Britain traffic for the month of September 1929 
are shown on Fig. 5. It will be noted that there were 
only about 5 per cent of the messages on which there 
were sufficient adverse reactions to result in less than 
75 per cent of the elapsed time from beginning to end of 
the connection being chargeable. 
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As mentioned before, the scope of the transatlantic 
telephone service has been broadened by extensions 
from time to time to contiguous areas in both Europe 
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and America. Further extensions by land lines can be 
expected to areas not now served, but it appears that 
in so far as the United States is concerned, because of the 
wide scope of the present land line system, the major 
extensions to new areas will, of necessity, be by means of 
new overseas services. Among these are the proposed 
telephone connection to South America and the ship-to- 
shore radio telephone service recently inaugurated. 
To strengthen further the ties already made, there is a 
comprehensive program under way which includes a 
transatlantic telephone cable and a second long-wave 
transatlantic circuit. Additional short-wave channels 
to Europe and South America may be added, if required 
by future developments of the business, and it is to be 
expected that telephone service to other countries will be 
established from time to time, as may be justified by 
the requirements for this form of communication. 

The technical means to make this possible are now 
largely available, but, of course, other factors such as 
economic considerations must be taken into account. 
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While continuous and consistent progress is looked for, 
the ideal of a world-wide telephone service operating on 
a comprehensive and commercial basis and with a high 
degree of reliability is something which must be ap- 
proached gradually and with patience. 


Discussion 
For discussion of this paper see page 643. 


Transoceanic Telephone Service—Short-Wave 
Transmission 


Transmission Features of Short- Wave Radio Circuits 
BY RALPH BOWN: 


Non-Member 


RUNK circuits between London and New York 
T which furnish telephone service between these two 
cities and also permit successful conversation by 
means of toll wire extensions between the United States 
and Europe more generally are being carried over both 
long waves and short waves. It is the purpose of this 
paper to consider the transmission side of the new short- 
wave circuits which the American Telephone and Tele- 
graph Company and the British General Post Office have 
made available for this service. In doing this we shall 
proceed from the more general considerations, relating 
to wavelengths and communication channels, through a 
discussion of the principles governing the general design 
of the system, into a brief summary of practical per- 
formance results. 

The frequency range so far developed for commercial 
radio use is roughly 20 to 30 million cycles wide, extend- 
ing from about 10 kilocycles to perhaps 25,000 kilocycles 
per second. There are two parts of this whole spectrum 
suitable for transoceanic radiotelephony—the long-wave 
range which is relatively narrow, extending roughly 
from 40 kilocycles to 100 kilocycles, and the short-wave 
range which in its entirety is much broader, extending 
from about 6000 kilocycles to 25,000 kilocycles. 

It is evident that the long-wave region, including 
perhaps only 50 kilocycles, offers opportunity for 
development of relatively few telephone channels, 
particularly in view of the fact that it is in use by a 
number of telegraph stations. Also it must be borne 
in mind that for telephony these waves are suitable 
for only moderate distances of the order of 3000 miles 


and for routes in the temperate zones. where static. 


interference is moderate. The’ first transatlantic 
radiotelephone circuit opened in 1927 was a long-wave 
circuit (58.5-61.5 kilocycles). In providing the next 
few channels for the initial growth of the service the 
opportunity to determine the utility of short waves 
was embraced. 

The short-wave range is vastly wider in kilocycles 
but, nevertheless, has its limitations as to the number 
of communication facilities it affords. For a given 
route of a few thousand miles a single frequency gives 
good transmission for only a part of the day.’ For 
example, from the United States to Europe a frequency 
of about 18,000 to 21,000 kilocycles (17 to 14 meters) 
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is good during daylight on the Atlantic. But in the 
dawn and dusk period a frequency of about 14,000 
kilocycles (22 meters) is better. For the dark hours 
something like 9000 kilocycles (83 meters) gives best 
transmission and for midnight in winter an even lower 
frequency near 6000 kilocycles (50 meters) is advanta- 
geous. Thus, in considering the short-wave range in 
terms of communication circuits, we must shrink its 
apparent width materially to take account of the several 
frequencies required for continuous service. 

At the present time the frequency spaces between 
channels are much greater than the bands of frequencies 
actually occupied by useful transmission. This elbow 
room is to allow for the tendency of many stations not 
to stay accurately on their nominal frequencies but to 
wander about somewhat. But in spite of this allowance, 
cases of interference are common and one of the activi- 
ties which must be carried on in connection with a 
commercial system is the monitoring of interfering 
stations and the accurate measurement of transmitting 
frequencies to determine the cause of the conflict. To 
permit intensive development of the frequency space 
offered by Nature the greatest possible constancy and 
accuracy of frequency maintenance in transmitting 
sets will be required. 

The fact that channels have been assigned (within 
wide bands set aside for a particular service) with little 
regard to the geographical location of stations may 
result in neighboring channels having much stronger 
signals than those in the channel being received. When 
this is so, a severe requirement is placed on the selec- 
tivity of the receiver to prevent interference. 


INTERCONNECTING WITH WIRE CIRCUIT EXTENSIONS 


The skeleton of a radiotelephone circuit is in its 
essentials very simple. It consists merely of a trans- 
mitter and a receiver at each end of the route and two 
oppositely directed, one-way radio channels between 
them. These two independent channels must be ar- 
ranged at the terminals to connect with two-wire 
telephone circuits in which messages in opposite direc- 
tions travel on the same wire path. The familiar hybrid 
coil arrangement so common in telephone repeaters and 
four-wire cable circuits might appear to solve this 
problem, were there not difficulties peculiar to the radio 
channels. In the short-wave case large variations in 
attenuation occur in the radio paths within short 
intervals of time. These would tend to cause re-trans- 
mission of received signals at such amplitudes that 
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severe echoes and even singing around the two ends of 
the circuit would occur unless means were provided to 
prevent this. . 

To overcome these fundamental transmission diffi- 
culties, an automatic system of switches operated by the 
voice currents of the speakers has been developed.’ 
These devices cut off the radio path in one direction 
while speech is traveling in the reverse direction and 
also keep one direction blocked when no speech is being 
transmitted. The operation is so rapid that it is un- 
noticed by the telephone users. Since this system 
prevents the existence of singing and echo paths, it 
permits the amplification to be varied at several points 
almost without regard to changes in other parts of the 
system, and it is possible by manual adjustment to 
maintain the volumes passing into the radio link at 
relatively constant values, irrespective of the lengths 
of the connected wire circuits and the talking habits 
of the subscribers. 

Fig. 1 gives a schematic diagram of the United States 
end of one of the short-wave circuits showing the 
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Fig. 


1—Circurir DragrRaM ILLUSTRATING OPERATION OF 
Vorcr-OPrERATED SwiITCcHING DEVICE 


essential features of a voice-operated device which has 
been used. This kind of apparatus is capable of taking 
many forms and is, of course, subject to change as 
improvements are developed. The diagram illustrates 
how one of these forms might be set up. This form 
employs electro-mechanical relays. The functioning 
of the apparatus illustrated is briefly as follows: the 
relay TES is normally open so that received signals 
pass through to the subscriber. The relay SS is 
normally closed to short circuit the transmitting line. 
When the United States subscriber speaks his voice 
currents go into both the Transmitting Detector and 
the Transmitting Delay circuit. The Transmitting 
Detector is a device which amplifies and rectifies the 
voice currents to produce currents suitable for operating 
the relays" TES and SS which thereupon short circuit 
the receiving line and clear the short circuit from the 
transmitting line, respectively. The delay circuit is an 
artificial line through which the voice currents require 
a few hundredths of a second to pass so that when they 
emerge the path ahead of them has been cleared by the 
relay SS. When the subscriber has ceased speaking the 
relays drop back to normal. 

2. For detailed description of this system see ‘““The New 


York-London Telephone Circuit” by S. B. Wright and H. C. 
Silent, Bell System Tech. Jl., Vol. V1, October, 1927, pp. 736-749. 
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The function of the Receiving Delay circuit, the 
Receiving Detector, and the relay RES is to protect 
the Transmitting Detector and relays against operation 
by echoes of received speech currents. Such echoes 
arise at irregularities in the two-wire portion of the 
connection and are reflected back to the input of the 
Transmitting Detector, where they are blocked by the 
relay RES which has closed and which hangs on for a 
brief interval to allow for echoes which may be con- 
siderably delayed. The gain control potentiometers 
shown just preceding the transmitting and receiving 
amplifiers are provided for the purpose of adjusting 
the amplification applied to outgoing and incoming 
signals. 

The relief from severe requirements on stability of 
radio transmission and from varying speech load on the 
radio transmitters which this system provides permits 
much greater freedom in the design of the two radio 
channels than would otherwise be possible. 


THE RADIO CHANNELS 


One of the first questions which comes up in consider- 
ing the design of a radio system is the power which can 
be sent out by the transmitter. The word “‘can’”’ is used 
advisedly, rather than “should,” since in the present 
art the desideratum usually is the greatest amount of 
power that is technically possible and economically 
justifiable. There are few radio systems so dependable 
that increased power would not improve transmission 
results. At very high frequencies the generation of 
large powers is attended by many technical difficulties 
but fortunately the radiation of power can be carried 
out with much greater efficiency than is feasible at 
lower frequencies. At 18,000 kilocycles (about 16 
meters) a single half-wave radiator or doublet is only 
about 25 ft. long and it is possible to combine a number 
of them, driven in phase by a common transmitter, 
into an antenna array which concentrates the radiated 
power in one geographical sector. In that direction the 
effectiveness may be intensified 50 fold or more (17 db.) 
and waste radiation in other directions reduced ma- 
terially. Thus, one of the transmitters at Lawrenceville, 
New Jersey, used in the short-wave transatlantic 
circuits when supplying 15 kw. radiates in the direction 
of its corresponding receiving station as effectively as 
would a non-directive system of about 750 kw. 

The transmitting antennas also give some directivity 
in the vertical plane, increasing the radiation sent 
toward the horizon and decreasing that sent at higher 
angles. It is not yet certain that vertical directivity 
is always advantageous and this effect has not been 
carried very far. 

At the receiving station the radiated power has 
dwindled to a small remnant which must be separated 
from the static as far as possible and amplified to a 
volume suitable for use in the wire telephone plant. 
Here again directive antenna arrays are of value. A 
receiving antenna system sensitive only in a narrow 
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geographical sector, and that lying in the direction from 
which the signal arrives, excludes radio noise from other 
directions and thereby scores a gain of perhaps 40 fold 
(16 db.) in the power to which the signal can be ampli- 
fied without bringing noise above a given value. It also 
scores against noise which arises in the tubes and circuits 
used for amplification, since the combined action of the 
several antennas of the array delivers more signal to the 
initial amplifier stage where such noises originate. 


Thus, it is evident that transmitter power, trans- 
mitting directivity, receiving directivity, and quiet 
receiving amplifiers are of aid in providing. signal 
transmission held as far as possible above the radio 
noise. In a well designed system the relative extents 
to which these aids are invoked will depend upon 
economic considerations as well as upon the technical 
possibilities of the art. 


There is one other type of noise than that provided 
by Nature which is of particular importance at short 
waves,—electrical noise from the devices of man. One 
of the worst offenders is the ignition system of the 
automobile. The short-wave transoceanic recelving 
station at Netcong, New Jersey, is so located that 
automobile roads are at some distance, particularly in 
the direction from which reception occurs. Service 
automobiles which produce interference cannot be 
allowed near the antenna systems unless their ignition 
systems have been shielded. Also, electrical switching 
and control systems incidental to the power, telegraph, 
and telephone wire systems at the station are shielded 
or segregated. 

At both the transmitting and receiving stations at 
least three antenna systems are supplied for each 
circuit, one antenna for each of the three frequencies 
normally employed. The design and arrangement of 
these are dictated by the requirements flowing from 
their uses. The purpose of the transmitting antenna is 
to concentrate as much power as possible in: one direc- 
tion. The purpose of the receiving antenna is to 
increase reception from the desired direction and to cut 
down reception at all other angles. In the former the 
forward-looking portion of the characteristic is of 
greatest importance, while in the latter the rearward 
characteristics need greatest refinement. 


TRANSMISSION PERFORMANCE 


In short-wave telephone systems the width of the 
sidebands is so small a percentage of the frequency of 
transmission that tuning characteristics of the antennas 
and high-frequency circuits are relatively broad and 
impose little constriction on the transmission-frequency 
characteristic. A flat speech band is easy to obtain over 
the range of approximately 250 to 3000 cycles employed 
for these commercial circuits. This relieves the short- 
wave circuits from many of the problems of obtaining 
sufficient band width which are troublesome in design- 
ing long-wave systems. 

Short-wave transmission is subject to one frailty 
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which particularly hampers its use for telephony. This 
is fading. Where fading is of the ordinary type, con- 
sisting of waxing and waning of the entire trans- 
mitted band of frequencies, automatic gain control 
at the receiving station is of value and is employed in the 
transoceanic circuits under discussion. The amplifica- 
tion in the receiver is controlled by the strength of the 
incoming carrier and is varied inversely with this 
strength so as to result in substantially constant signal 
output. Obviously this control can be effective only to 
the extent that the signal seldom. falls low enough to be 
overwhelmed by radio noise. 

When fading is of the selective type, that is, the 
different frequencies in the transmitted band do not 
fade simultaneously, the automatic gain control system 
is handicapped by the fact that the carrier or control 
signal is no longer representative of the entire signal 
band. | 

Selective fading is believed to result from the 
existence of more than one radio path or route by which 
signals travel from transmitter to receiver. These paths 
are of different lengths and thus have different times of 
transmission. Wave interference between the com- 
ponents arriving over the various paths may cause 
fading when the path lengths change even slightly. 

If the path lengths differ by any considerable amount, 
for example, a few hundred miles, the wave interference 
is of such a character as to affect the frequencies across 
a band consecutively rather than simultaneously. 

With the presence of selective fading there comes into 
being the necessity of guarding against rapid even 
though small variations in the transmitted frequency, 
since if such variations are present a peculiar kind of 
quality distortion of the telephone signal results. 

The varying load which speech modulation places on 
the transmitter circuits tends to cause slight variations 
in the instantaneous equivalent frequency which are 
known as “frequency modulation” or “phase modula- 
tion’? depending on their character. To prevent this 
effect the control oscillator must be carefully guarded 
against reaction by shielding and balancing of circuits 
and the design must be such as to preclude variable 
phase shifts due to modulation in subsequent circuits 


- of the transmitter. 


It is apparent that if there are two paths of different 
lengths, two components which arrive simultaneously 
at the receiver may have left the transmitter several 
thousandths of a second apart. If the transmitter 
frequency has changed materially during this brief 
interval trouble may be expected. The trouble actually 
takes the form of a distortion of the speech as demodu- 
lated by the receiving detector.’ 

Defects in short-wave transmission due to radio 
noise, minor variations in attenuation, fading, and 
distortion are nearly always present to some extent and, 

3. For a discussion of this phenomenon see ‘Some Studies in 


Radio Broadcast Transmission’”’ by Bown, Martin, and Potter, 
I. R. EH. Proc., Vol. 14, No. 1, p. 57. 
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when any or all are severe, cause a certain amount of 
lost service time. These interruptions are of relatively 
short duration and, furthermore, there is enough over- 
lap in the normal times of usefulness of the several 
frequencies available, so that shifting to another 
frequency may give relief. There is, in addition, a kind 
of interruption which from the standpoint of continuity 
Omeo Transmission on 18.34-MClI6 Meters) Deal, N.J. to New Southgate, England. 
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of service is more serious. At times of disturbance of 
the earth’s magnetic field, known as “magnetic storms,”’ 
short-wave radio transmission is generally subject to 
such high attenuation that signals become too weak to 
use and sometimes too weak to be distinguishable. 
These periods affect all the wavelengths in use and may 
last from a few hours to possibly as much as two or 
three days in extreme cases. They are followed by a 
recovery period of one to several days in which trans- 
mission may be subnormal. 

Severe static may cause interruption to both long- 
and short-wave services at the same time but the short 
waves are relatively less affected by it and are usually 
able to carry on under static conditions which prevent 
satisfactory long-wave operation. On the other hand 
severe fading or the poor transmission accompanying 
a magnetic disturbance may interrupt short-wave 
service without affecting the long waves adversely,— 
in fact magnetic disturbances often improve long-wave 
transmission in the daytime. The service interruptions 
on the two types of circuits are thus nearly unrelated to 
each other and have no definite tendency to occur 
simultaneously. This is the principal reason why both 
long-wave circuits and short-wave circuits appear 
essential to reliable radiotelephone service. 

On routes which are very long or which cross tropical 
areas which result in static sources facing the directive 
receiving antennas, long waves cannot as yet be suc- 
cessfully employed and short waves alone are available. 
However, experience tends to indicate that on North 
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and South routes such as between North and South 
America, the interruptions associated with magnetic 
storms are less severe and of shorter duration. 

The cycle of events which accompanied a particularly 
severe magnetic storm‘ in July, 1928, is shown graphi- 
cally in Fig. 2. The light dotted curve shows the varia- 
tion in the horizontal component of the earth’s field. 
The heavy solid line follows the daily averages of the 
short-wave received signal field. It is apparent that 
the disturbance took two days to reach its peak and 
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the recovery to normal took nearly a week. The heavy 
dotted line shows received field on long waves (60 
kilocycles) and indicates that transmission was 
improved slightly at the same time the short waves 
were suffering high attenuation. 

The experience with transatlantic telephone service 
on short waves covers a period of nearly three years, 


4. Data regarding other magnetic disturbances are given ina 
paper by C. N. Anderson, entitled ‘Notes on the Effect of Solar 
Disturbances on Transatlantic Radio Transmission,” J. R. E. 
Proc., Vol. 17, No. 9, September, 1929. 
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there having been available a one-way channel from 
the United States to England used as an emergency 
facility for the first year and a half, a two-way circuit 
for the next year, and two circuits since June, 1929. 
It is only in this later period, however, that a circuit 
has been available operating regularly with the amounts 
of transmitter power and antenna directivity which have 
been mentioned. 

The performance of the two one-way channels form- 
ing this circuit is charted in Fig. 8. The charts are 
plotted between hours of the day and days in the year 
so that each unit block represents one hour of service 
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mercial operation could be carried on. The dotted 
strips are uncommercial time. The blank areas are 
for time in which, for one reason or another, the circuit 
was not operating and no data were obtained. Perhaps 
the most outstanding feature of these charts is the 
tendency of the lost time to fall in strips over a period of 
two or three days. These strips coincide approximately 
for both directions of transmission. The principal ones 
are about July 10, 15 and August 2 and 17. These are 
characteristic of the interruptions accompanying mag- 
netic disturbances of the kind which occur at irregular 
intervals of a few days to several weeks. They are, of 
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course, not as severe as the disturbance illustrated in 
Fig. 2. 

It is apparent that for these three summer months 
this new circuit gave a good account of itself and 
furnished commercial transmission for something like 
80 per cent of the time that service was demanded of it. 
In these same months the long-wave system suffered 
its greatest difficulty from static, and we have con- 
cretely illustrated the mutual support which the two 
types of facilities give each other. 

It should not be inferred from these data that the 
short-wave transatlantic radio links furnish 80 per cent 
of the time talking circuits as stable and noise free as 
good wire lines. Under good conditions they do provide 
facilities which compare, favorably with good wire 
facilities. On the other hand they may at times be 
maintained in service and graded ‘‘commercial’’ under 
conditions of noise or other transmission defects for 
which wire lines would be turned down for correction, 
since the obviously undesirable alternative is to give no 
service at all until conditions have improved again. 
The present development effort is largely directed 
toward improvements which will insure not only a 
greater degree of reliability against interruptions but 
which also will improve the grade of service as a whole. 

In the foregoing little has been said about the sta- 
tions and plant since a description of these and the 
operation of them are treated in two companion papers 
by Messrs. Cowan and Oswald. It may be well, how- 
ever, to view the physical scene broadly as set forth on 
the accompanying map, Fig. 4. 

The geographical arrangement of the transmitting 
and receiving stations was governed among other things 
by transmission considerations. The two stations were 
placed about 50 miles apart because this is approxi- 
mately the distance for minimum signal and at a lesser 
or greater distance the signals from the American 
transmitter might be strong enough to offer some 
interference to receiving the English or South American 
stations on adjacent channels. For the same reason 
they were placed at considerable distances from the 
transmitters and receivers of other communication 
agencies. The Netcong receiving station lies to the 
north of the Lawrenceville transmitting station so as 
not to be in paths of strong signals from the directive 
antennas which face northeast toward England and 
southeast toward South America. This configuration 
also places the transmitter outside the sensitive angles 
of the directive receiving antennas. 


Discussion 
For discussion of this paper see page 643. 
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Technical Features of the New Short-Wave Radio Stations of 
the Bell System | 
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Synopsis.—The application of short-wave radio transmission 
to transoceanic telephone circuits is developing apparatus and sta- 
tions designed specifically to meet the needs of these services. This 
paper describes from the radio point of view the important technical 
features and developments incorporated in the new transmitting and 


HORTLY after transatlantic telephone service was 
opened in January, 1927 the long-wave radio 
circuit between New York and London was 

supplemented, first by an experimental short-wave 
radio link in the west-east direction and later by a 
short-wave link in the east-west direction.! From this 
beginning, as an auxiliary to the long-wave circuit, the 
short-wave system has been improved steadily so that 
its average performance throughout the year now more 
nearly approaches that of the long-wave system and it 
has become an important part of the transoceanic 
facilities. The relative merits of the two systems, their 
combined usefulness, and their transmission features 
are the subject of another paper and will not be dis- 
cussed here.? For the present purpose it will be suffi- 
cient to note that there are now in operation between 
New York and London, one long-wave and three short- 
wave two-way circuits and that within a few weeks 
a short-wave circuit will be available between New 
York and Buenos Aires. 


The radio transmitting units for the New York end 
of these four circuits are located at the new station 
which the American Telephone and Telegraph Com- 
pany has recently established at Lawrenceville, New 
Jersey. The receiving units are concentrated at Net- 
cong, New Jersey. The factors entering into the selec- 
tion of these station locations are outlined in another 
paper® and therefore need not be mentioned further. 
This paper is limited in scope to a necessarily brief 
description of the transmitting and receiving systems 
and apparatus, a discussion of technical features in the 
station layouts, and an outline of the major problems 
encountered in the station design. Comprehensive 
treatment of individual units is properly left for other 
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receiving stations of the American Telephone and Telegraph Com- 
pany located respectively at Lawrenceville and Netcong, New Jersey, 
and it outlines some of the radio problems encountered in the station 
design. 


entire papers. It will be convenient to deal with the 
transmitting and receiving stations separately and in 
each case to consider briefly the system and apparatus 
of one channel before describing the general station 
plan. 


TRANSMITTING SYSTEM 


The four channels at Lawrenceville are equipped with 
independent transmitters using certain auxiliary ap- 
paratus in common. Each channel involves a radio 
transmitter with its associated power plant and wire 
equipment, and a group of directive antennas designed 
and adjusted for the specific wavelength assignments 
of the channel. 

The general method of transmission, with the excep- 
tion of directional sending, is the same as that employed 
for program broadcasting stations in that the radiated 
signal contains the carrier and both sidebands. Systems 
in which one or more of these components are sup- 
pressed at the transmitter appear to offer further means 
of improving short-wave transmission, and the 
necessary apparatus for the practical application of 
such systems when operating at frequencies in the order 
of 20,000 kilocycles is undergoing development. How- 
ever, throughout the development of the transmitters 
as now installed at Lawrenceville the possibility of 
future major modifications in the method of transmis- 
sion has been kept in mind. For this reason the modu- 
lator-amplifier system was adopted. In this system the 
signal which is to be radiated, is prepared by modulation 
processes at relatively low power levels and thereafter 
amplified the requisite amount. The amplifier and its 
power plant, representing a large proportion of the 
investment in equipment, can be continued in service 
with no appreciable alterations, even though the system 
of transmission and the modulating apparatus undergo 
radical changes. 

The general scheme of transmission is shown in Fig. 
1. After passing through the line terminal and control 
apparatus, which includes standard repeaters, the voice 
currents are further amplified and employed to modulate 
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the plate voltage of an oscillator consisting of two 
250-watt tubes connected in a push-pull circuit and 
oscillating at the frequency of the carrier which is to be 
transmitted. The frequency of such an oscillator, if 
not carefully controlled, will wander outside of the 
assigned frequency band, thus causing interference 
with other services and it will also suffer variations 
during the modulation cycle which contribute to fading 
phenomena encountered at ‘the ‘distant receiving 
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station. In order to reduce these effects the oscillator 
is held in step at the desired carrier frequency by means 
of a second oscillator which is electrically removed from 
the reactions normally influencing and tending to vary 
the frequency of the controlled oscillator. Every 
precaution is taken to maintain accurately the fre- 
quency of the second oscillator and among other things 
it is governed by a piezo-electric quartz crystal whose 
temperature is regulated closely. 

Since it is impractical to use crystals cut sufficiently 
thin to oscillate directly at frequencies in the range 
10,000 to 20,000 kilocycles, thicker crystals of lower 
frequency are used in combination with harmonic 
generators which multiply the crystal frequency first 
by two or three and then by one or two as the case 
requires. By virtue of the wide differences between the 
input and output frequencies of the harmonic generators 
these intermediate steps tend to isolate the crystal 
oscillator from the other radio circuits and thus aid in 
stabilizing the frequency. 

The modulated radio frequency output of the con- 
trolled oscillator is applied to the grids of a two-stage 
power amplifier employing water-cooled tubes designed 
for operation at these frequencies. The first stage 
contains two tubes and the second stage contains six. 
The tubes are arranged in push-pull circuits, the entire 
system being carefully balanced to ground. The 
carrier output power from the last stage is 15 kw. With 
100 per cent modulation this corresponds to 60 kw. at 
the peaks of the modulation cycle. In other words, a 
radio telephone amplifier of this type, rated at 15 kw. 
when provided with a sufficiently large d-c. power 
source, could be used as a 10,000-kilocycle continuous 
wave generator of 60 kw. capacity. 

The radio signal delivered by the amplifier is con- 
veyed to the antenna by means of a 600-ohm open wire 
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transmission line. The antenna itself is both a very 
efficient radiator and a highly directive one. 


TRANSMITTING EQUIPMENT 


At the transmitting station the apparatus for each 
channel comprises, (1) wire terminal equipment and 
repeaters, (2) a voice frequency control desk, (3) the 
radio transmitting set containing the oscillators, 
modulators, and power amplifier, (4) a power control 
board, (5) rectifying apparatus and filters for supplying 
direct current at 10,000 volts, (6) motor-generators 
for providing various circuits with direct current, (7) 
water circulating pumps, tanks, and cooling units. 

The wire terminal equipment and repeaters at the 
transmitting station are standard units mounted on 
relay racks beside the voice frequency testing apparatus 
common for all channels. 

The voice frequency control desk provides facilities 
by which the attendant can monitor the incoming 
voice currents and the outgoing radio signal. Means 
are provided for observing the volume of these signals. 
Oscillators are provided for the purpose of quickly 
checking the performance of the system during line-up 
periods and for sending Morse signals over the radio 
link when required. The control desk is also equipped 
with apparatus for direct telegraph communication with 
the technical operator at New York. 

The radio transmitter consists of seven independently 
shielded units mounted on a common sub-base to form 


-a single assembly, 4 ft. by 20 ft. by 7 ft. high. Some of 


the units are subdivided into several small shielded 
compartments. Very effective electrical screening or 
shielding between the various parts of a short-wave 
transmitter is essential. Otherwise stray fields intro- 
duce unwanted feedback couplings which produce 


2—Front View or SHort-wave Rapio TRANSMITTER 
or TYPE USED AT LAWRENCEVILLE 


Fig. 


distortion effects and spurious oscillations. Fig. 2 is a 
front view of the transmitter. Beginning at the left 
there are two units for speech amplification, one for 
radio frequency generation and modulation, one unit 
each for the first stage, the interstage circuit, and the 
last stage of radio-amplification, and a double-sized 
unit for the output circuit. It is interesting to note 
that the over-all length of this assembly is as much as 
five-eighths of a wavelength at the highest frequency 
in its operating range, which “is 9000 to 21,000 kilo- 
eycles. Each transmitter is required to operate at 
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several assigned frequencies within this range and to 
change in a few minutes from one to another. This is 
done by changing coils and varying condensers in the 
oscillator and amplifier circuits and switching to differ- 
ent quartz crystals. Except in cases where two assigned 
frequencies are in harmonic relationship, it is necessary 
to provide a crystal for each of the frequencies. The 
crystals are mounted in an oven and continuously 
maintained at 50 deg. + 0.05 deg. cent. by recording 
regulators. In order to avoid long interruptions to 
service in the event of a crystal failure or other circum- 
stance requiring the opening of the oven and the sub- 
sequent re-establishment of temperature equilibrium, 
the ovens and crystals are provided in duplicate. 

The electrical problems which are encountered by the 
engineer designing a power amplifier for these high 
frequencies arise largely from the inherent stray or 
distributed capacities and inductances which are far 
less important at lower radio frequencies. For example, 
between the anodes of the amplifier circuit there exist 
capacities, which are composed of capacities within the 
tube itself, the direct capacities between the tube water 
jackets and mounting plates and the like. The total 
value of this composite capacity in the last stage is 
approximately 100 m. m. f. This value cannot be 
appreciably reduced by any change in design which now 
seems desirable. The reactance of 100 m. m. f. at 
20,000 kilocycles is about 80 ohms. Thus the engineer 
is confronted at the outset with a generator (the tubes) 
‘which has an internal impedance in the order of 2000 
ohms but across whose terminal is shunted inherently 
an 80-ohm réactance. Fortunately, this obstacle can be 
surmounted by introducing resonance effects but 
nevertheless it places very important limitations on the 
design of the associated circuits. These problems 
become more difficult with increase of either power or 
frequency. Increase in power requires higher voltages 
and currents and thus larger elements, spaced farther 
apart. The augmented bulk increases both stray ca- 
pacities and unwanted inductance of leads. Higher 
frequencies increase the magnitude and therefore the 
relative importance of these effects. 

The power control board has nine panels equipped 
with the necessary instruments and apparatus for 
controlling and distributing all power to the transmit- 
ter. The motor-generators, pumps, fans, oil circuit 
breakers, and other apparatus are remotely controlled 
from this point. A system of relays and signal lamps 
provides protection and indicates the location and 
general nature of any trouble. With the exception of 
the application of high-voltage direct current, the entire 
system starts up and shuts down in the proper sequence 
in response to the manipulation of a master control 
switch. 

Direct current at 10,000 volts is supplied to the 
anodes of the power amplifier tubes by a transformer 
and rectifier using six standard two-electrode thermi- 
onic tubes. The rectified current is filtered separately 
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for each stage of the amplifier. This is necessary to 
prevent distortion by interstage modulation caused by 
the common impedance of the rectifier. Effects of this 
nature become important as the requirements placed on 
unwanted modulation products become more stringent. 


TRANSMITTING ANTENNAS 


The antennas at Lawrenceville all have compara- 
tively sharp directional properties. Such antennas 
are readily realized when dealing with radio waves of 
very short wavelengths. Although the fundamental 
principles involved in producing these directional 
effects have been known for many years, economic 
limitations effectively prevented their application to © 
transmitting antennas for long wavelengths. These 
limitations are altered immensely in the case of an- 
tennas for short wavelengths and, when the useful 
propagation properties of short waves became known, 
great stimulus was given to the development of an- 
tennas for directional sending and receiving. The same 
type of antenna can be used, of course, for both purposes 
but, since the objectives when sending and receiving 
are somewhat different, the tendency has been to 
develop arrangements adapted to each case. 

Directional transmission is a very large subject and 
will only be touched upon sufficiently to describe in a 
very general way the antennas at Lawrenceville. There 
are many possible arrangements and combinations and 
the engineers must choose from these the ones most 
suitable for their purpose. In general all of the schemes 
depend upon producing interference patterns which 
increase the signal intensity in the chosen direction and 
reduce it to comparatively small values in other 
directions. 

One of the methods of obtaining a sharply directive 
characteristic is to arrange a large number of radiating 
elements in a vertical plane array, spacing them at 
suitable distances and interconnecting them in such a 
manner that the currents in all the radiating members 
are in phase. A simple way of accomplishing this result 
and the one which is now being employed at Lawrence- 
ville depends upon the manner in which standing waves 
are formed on conductors. It is generally known that 
current nodes and current maxima will recur along a 
straight conductor whose length is an exact multiple of 
one half the wavelength of the exciting e. m. f. and that 
the phase difference between successive current maxima 
is 180 deg.‘ Such a conductor when folded in a vertical 
plane as shown in Fig. 3 and with its length adjusted 
slightly to compensate for the effects of folding, satisfies 
the aforementioned requirements for producing direc- 
tional radiation. The arrows in Fig. 3 indicate the 
relative directions of current flow and the dotted line 
indicates the current amplitudes along the conductor. 
It will be noted that the instantaneous currents in all 

4. This assumes of course that the conductor is in space free 


from objects affecting its electrical properties and that the ends 
are free or properly terminated to produce reflections. 
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the vertical members are in the same direction and that 
in the cross members their directions are opposed. Due 
to these current relations and the physical positions of 
the elements, the cross members radiate a negligible 
amount of energy whereas the vertical members com- 
bine their effects for the directions perpendicular to the 
plane of the conductor. In other directions destructive 
interference reduces the radiation from the vertical 
members. The system is equivalent to four Hertz 


3—ConpuctToR Brent To Form ONE SECTION OF SIMPLE 
Directive ANTENNA , 


Fia. 


The type used for transmitting at Lawrenceville 


oscillators driven in phase, and arranged in two groups 
one half wavelength apart, the two oscillators of each 
group being placed one above the other. Both compu- 
tation and experiment have shown that with this 
system of radiation there is an improvement of approxi- 
mately 6 db. In other words the same signal intensity 
in the chosen direction is obtained with one-fourth of 
the power required by a one-element radiator. A second 
similar conductor system placed directly behind the 
first in a parallel plane one-quarter wavelength away, 
will be excited parasitically from the first conductor and 
will act as a reflector, thereby creating a unidirectional 
system. It has been found that the reflector further 
reduces by 3 db. the power required to maintain a given 
signal intensity in the desired direction, thus bringing 
the total gain for the system up to 9 db. This is also 
in agreement with the theoretical computations. 

It is obvious that the system in Fig. 3 can be extended 
vertically to include more radiating elements by in- 
creasing the length of the conductor and it can be 
enlarged horizontally by placing several units along- 
side each other, care being taken to obtain the desired 
phase relations by transmission lines of the proper 
length. In this way large power savings may be 
effected. At Lawrenceville the maximum gain is about 
17 db. (a power ratio of 50) over a vertical halfwave 
oscillator. The enlarged system lends itself readily to 
mechanical support and forms so-called exciter and 
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reflector “curtains” which are suspended between steel 
towers appropriately spaced. Aside from other con- 
siderations, which will be mentioned in connection with 
station layout, the size of the antenna is influenced by 
the complex and variable nature of the wave propaga- 
tion through space. At present this determines the 
degree of directivity which is most useful for the 
average conditions.® 

The closed loops of each unit corresponding to Fig. 3 
greatly facilitate the removal of sleet. In addition to 
loading the antenna mechanically, ice, having a dielec- 
tric constant of 2.2 at these high frequencies, adversely 
affects the tuning. At Lawrenceville sleet is removed 
by heating the wires with current at 60 cycles. This is 
accomplished without interfering with the service by 
employing one of the less familiar properties of a trans- 
mission line. The same property also is used to effect 
impedance matches wherever the transmission lines 
are branched. Ifa line, exactly one-quarter wavelength 
long, of surge impedance Z, is terminated with a load 
Z,, the sending-end impedance Zs is equal to Z,2/Zn. 
If Zn is a pure resistance the sending-end impedance is 
a pure resistance. Hence a quarter-wavelength line 
may be used to connect two circuits of different im- 
pedances and these impedances may be matched by 
controlling the value of Z, either by varying the diam- 
eter of the conductors or their spacing. Likewise, if 
Z.is fixed and Zxis made very small, then Zs will be 
extremely large. 

In Fig. 4 two units of the type shown in Fig. 3 are 
excited through transmission lines 1 and 2 of equal 
length in order to give the correct phase relations in the 
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radiating elements R. The lines are joined in parallel 
by condensers of low impedance at radio frequencies 
and they are connected in series for 60-cycle currents 
by the quarter-wavelength line A which, being short- 
circuited at the one end, presents a very high impedance 
to radio frequency currents at the other end and there- 
fore behaves like an anti-resonant circuit. The quarter 


5. J. C. Schelleng, “Some Problems in Short Wave Tele- 
phone Transmission,” I. R. E. Proceedings, June 1930. 
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wavelength line B serves as a transformer and is 
adjusted to match the impedance at the junction of 
lines 1 and 2 with that of the radio transmitter. The 
quarter wavelength line C is effectively short-circuited 
for radio frequencies by the condenser D and acts the 
same as A. These quarter wave lines consist of short 
lengths of pipe mounted on frames under the antenna 
curtains as shown in Fig. 5. 


TRANSMITTING STATION 


Among the first radio problems encountered in the 
design of a transmitting station for several channels 
are those concerning the size, shape, and number of 


Fig. 5—Sxrction or ANTENNA SysTEM aT LAWRENCEVILLE 


Showing lower portion of curtains and quarter wave transmission line 
used as transformers and anti-resonant circuits 


antennas, their directions of transmission, their relative 
positions from the point of view of mutual interference, 
and their grouping around the transmitters. 

The number of antennas required for each channel is 
determined by the hours of operation and the average 
grade of service which the system is expected to render. 
For service covering a large portion of each day sev- 

-eral wavelengths are necessary. Transmitters Nos. 

1, 3, and 4 at Lawrenceville each are assigned three 
frequencies. No. 2 has five assignments in order to 
improve the likelihood of at least one channel being 
available throughout the entire day at all seasons. 

The size and shape of the antennas are, of course, 
determined by the directivity wanted, by the type 
employed, the frequency assignments, and by considera- 
tions of cost. They are governed also by the necessity 
of connecting several antennas to the same transmitting 
set. This involves both the spacing and arrangement of 
antennas to avoid adverse mutual reactions and it 
requires that attention be given to the losses in the 
connecting transmission lines, which are by no means 
negligible. Operating economies suggest concentrating 
all the transmitters at one point but the cost per kilo- 
watt hour of modulated high-frequency power must be 
taken into account when considering the use of long 
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transmission lines. It should be recognized, of course, 
that in the early applications of a comparatively new 
art, it is impossible to approach anything like accurate 
evaluation of all the factors entering into economic 
balances and furthermore very considerable weight 
needs to be given to the probable future trend of 
developments. 

At Lawrenceville all of the antennas for the three 
channels to England are arranged in a straight line 
about one mile long. The direction of this line is 
perpendicular to the great circle path to Baldock, 
England, where the signals are received, (Fig. 6). The 
antennas for the fourth channel are similarly arranged 
in a line 1500 ft. long and they are directed for trans- 
mission to Buenos Aires, Argentine. 

Placing several antennas in a single line reduces the 
cost of the supporting structure, and all the antennas 
have a clear sweep in the direction of transmission. ' By: 
locating them in proper sequence with respect to wave- 
lengths it is possible without objectionable interference;,, 
to place the antennas end-to-end and thus use support= 
ing towers in common. Due to the wide difference in 
wavelength between adjacent antennas and their right- 
angle position with respect to the line of transmission, 
their proximity has no appreciable effect different from 
that of the towers. The proper selection of tower 
spacing in respect to wavelengths makes it possible to 
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erect a uniform supporting structure. This has the 
advantage of flexibility and will permit future altera- 
tions of either the location or size of a given antenna. 
At present, each antenna occupies the space between 
three towers. 

In order to avoid undue loss in the transmission lines 
the radio transmitters are grouped in two buildings. 
The buildings each contain two transmitters and are 
identical in layout, in so far as the radio equipment is 
concerned. Building No. 1 has additional space for the 
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central wire terminating and testing equipment. This 
apparatus is contained in an electrically screened room 
which effectively prevents high-frequency fields from 
interfering with the proper functioning of the apparatus. 


RECEIVING SYSTEM 


Short-wave reception is characterized by less diffi- 
culty with static than that encountered with long waves. 
On the other hand it suffers interference from sources 
such as the ignition systems of passing airplanes and 
automobiles, which ordinarily do not disturb long-wave 
systems. Frequently the incoming radio waves suffer 
wide and rapid swings in intensity and there are varia- 
tions in the apparent direction of arrival. On account 
of the extremely high frequencies the apparatus and 
antenna structures are very different from those for the 
long waves; otherwise the general schemes of reception 
are similar, directional effects and double detection 
methods being employed for both. 

The radio wave is collected by means of a directional 
antenna array whose prime function is to improve the 
ratio between the desired signal and unwanted noise or 
other interference. This it does in two ways: 2z., (1) 
by increasing the total signal energy delivered to the 
receiver and (2) by discriminating against waves whose 
directions of arrival differ from the chosen one. In- 
creasing the total energy collected from the incoming 
message wave permits the detection of correspondingly 
weaker signals because there is an apparently irreducible 
minimum of noise inherent to the input circuits of the 
first vacuum tube in the receiver® and this noise es- 
tablishes a lower limit below which signals cannot be 
received satisfactorily. Since, under many conditions, 
the directions of arrival of static and other disturbances 
including unwanted radio signals are random, it is 
obvious that sharp directive discrimination aids very 
materially in excluding them from the receiver. On 
the other hand, the antennas are not sharply resonant 
systems and they do not distinguish between waves 
from substantially the same direction and closely 
adjacent in frequency. This duty is left to the circuits 
of the radio receiver. 

Having collected the signal with a directional antenna 
the energy is conveyed to the receiving set by means of 
concentric pipe transmission lines of small diameter. 
The use of concentric conductors simplifies the pre- 
vention of direct signal pick-up by the lines, it reduces 
losses and prevents external objects from influencing 
the transmission properties, thus allowing the line to be 
buried in the ground or placed a few inches above the 
surface where it will have no appreciable adverse 
effect on the antenna performance. 

Referring now to Fig. 7, the radio currents arriving 
over the transmission line are first amplified by two 
stages of radio amplification involving tuned circuits 
which discriminate further in favor of the wanted 
signal. The signal delivered by the radio amplifier is at 


6. J.B. Johnson, Physical Rev., July 1928. 
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a suitable level for efficient demodulation and is applied 
to the grid of the first detector. By means of a beating 
oscillator whose frequency is suitably adjusted, the 
first detector steps the signal carrier frequency down toa 
fixed value of 400 kilocycles from one in the range 9000 
to 21,000 kilocycles which depends, of course, on the 
distant transmitting station assignment. The inter- 
mediate frequency signal at 400 kilocycles then passes 
through a combination of amplifiers and filters which 
further exclude the unwanted interference. The wanted 
signal reaches the second detector where it is demodu- 
lated and the voice currents reproduced. The latter 
are then amplified and applied to the telephone lines. 

A portion of the output from the intermediate 
amplifier which would normally go to the second de- 
tector grid, is diverted and further amplified. It is then 
supplied to a device which automatically tends to main- 
tain the receiver output volume constant by controlling 
the bias potential of the first detector grid circuit. The 
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time constants are adjusted so that this gain control 
does not respond to the normal variation in signal 
power corresponding to speech modulation. Otherwise, 
of course, there would be serious distortion effects. 
This device partially offsets the ill effects of wide 
fluctuations in signal intensity but it does not overcome 
the deterioration in signal quality which usually 
accompanies the low field strengths during such fluctua- 
tions. 

RECEIVING EQUIPMENT 

At the receiving station the apparatus for each 
channel comprises (1) the radio receiving set, (2) a 
power plant for the receiver, (8) wire terminating 
equipment and repeaters. The latter are located at a 
central point in the station along with certain voice 
frequency testing apparatus used in common by all 
channels and supplied with power from a common 
source. 

A radio receiving set which embodies the above de- 
scribed system and of the type installed at Netcong is 
shown in Fig. 8. It consists of a large number of indi- 
vidually shielded units mounted on panels and assem- 
bled on three self supporting racks of the type commonly 
employed in the telephone plant. This permits the use 
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without modification of certain standard pieces of 
equipment, such as jack strips, fuse panels, meter 
panels, audio frequency filters, and the like. It also 
permits the removal and repair or substitution of units 
with a minimum of delay. The set is required to re- 
ceive signals at three fixed frequencies in the range 9000 
to 21,000 kilocycles. This involves connections with 


Fig. 8—SHort-wave Rapio Receiver (A) Front Virw (B) 


Rear Vinw 


three antennas through three separate transmission 
lines. The tuning of the antenna and transmission line 
terminations are rather lengthy processes requiring 
precise adjustments. In order to facilitate quick 
changes from one operating frequency to another 
without intricate tuning operations, the first stage of 
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radio amplification is provided in triplicate and the 
switching is done between the first and second stage. 
Thus the antennas are permanently connected to the 
set and their adjustments remain undisturbed. The 
circuits of the second stage require tuning when the 
frequency is changed. Hence to tune the receiver on 
any one of the assigned frequencies the attendant merely 
moves the dials of the second stage to predetermined 
settings, switches the grid circuit to a first stage which 
is already tuned and connected with the proper antenna 
and he adjusts the beating oscillator to obtain an inter- 
mediate frequency of 400 kilocycles. Screened grid 
tubes are used for the first two stages of amplification. 
A key shelf is provided with telephone and telegraph 
facilities. The power plant consists of standard 24-volt 
and 130 batteries, rectifier charging units and auto- 
matic regulators. 


RECEIVING’ANTENNAS 


In discussing antennas for directional sending it was 
mentioned that an identical antenna could be used for 
receiving purposes, but since the requirements in the 
two cases are not the same, quite different structures 
have been developed, although the methods of obtaining 
directivity are alike. In the sending case the reduction 
of random radiation ceases to be profitable when the 
increment thus added to the energy, which is radiated 
in the direction of the distant receiving station, is a 
relatively small part of the total. In the receiving case, 
although the response to the wanted signal may not be 
increased appreciably by further improvement in the 
directive pattern, the reduction in noise and interfer- 
ence from random directions justifies additional im- 
provement. Expressed another way, the objective in 
the transmitting case is a high gain compared to a 
nondirectional antenna, whereas in the receiving case 
the objectives are, first, a high average signal-to-noise 
ratio and, second, a gain sufficient to override the noise 
inherent in the receiving set. Satisfying the first 
accomplishes the second. 


Improvement of the average directional discrimina- 
tion means a nearer approach to ideal conditions. 
Whereas steel towers, sectionalized cables, guys and the 
like, when properly located relative to the conductors 
of a sending antenna, do not cause any appreciable 
power loss, their presence near the receiving antenna 
may prevent the realization of the extreme directive 
properties which are wanted. Moreover, there is need 
for much greater rigidity in the positions of the con- 
ductors. For this reason the antennas at Netcong are 
supported on wooden frames constructed like large 
crates. 

Due to the variable conditions surrounding the 
propagation of short waves in space, the vertical angle 
of arrival of the signal wave at the receiving station 
frequently changes considerably throughout a twenty- 
four hour period and is not always the same from day to 
day. .In order to combat this variable condition, it 
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appears desirable to select an antenna arrangement 
which does not have sharp directional properties in a 
vertical plane passed through the horizontal direction 
of arrival. The type of antenna selected for Netcong 
meets this requirement by having only a single hori- 
zontal row of quarter-wave vertical elements in one 
plane. Another solution, of course, would be to provide 
several antennas of different characteristics and to shift 
about from one antenna to another as the conditions 
warranted. 


Fig. 9 is a general view of one of the Netcong receiv- ~ 


ing antennas. Like the transmitting antennas, the 
conductors are arranged in two parallel planes one- 
quarter wavelength apart in order to obtain a uni- 
directional system. The conductor in each plane is 
bent and terminated as indicated in Fig. 10 but is much 
longer than that shown. The vertical members are 
marked A. As in the transmitting case the directional 
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effect depends upon the manner in which standing waves 
occur along the conductor. A signal wave arriving 
broadside to the array, induces voltages in the vertical 
members which are identical in phase and amplitude. 

Because the vertical members are interconnected 
alternately at the top and bottom by members of one- 
quarter wavelength and the last horizontal members 
are one-eighth wavelength, the net effect of the induced 
voltages is the establishment of standing current and 
voltage waves along the conductor. The receiver is 


connected at a voltage anti-node and the current which’ 


flows through it is proportional to the sum of the volt- 
ages induced in the vertical members. In the case of a 
signal wave arriving from the horizontal directions 
parallel to the plane of the array, the voltages in the 
vertical members are in successive quarter-phase 
relationships, no standing waves are produced, and no 
current flows through the receiver. Because current 
nodes occur at the center of each horizontal member, 
the loss by reradiation from these members is negligible. 
This is an important feature which contributed to the 
selection of this type of antenna for Netcong. 

The size of the antenna is determined largely by the 
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manner in which the signal waves arrive although 
costs cannot be wholly neglected. The useful length is 
limited by the fact that random fading occurs at dis- 
tances as short as ten wavelengths and it is doubtful if 
an antenna this long would realize the computed im- 
provement. The cost per decibel gained is small for the 
initial steps, but it mounts very rapidly as the length 
of antenna increases. The height also is limited by cost 
and by the necessity of allowing for considerable 
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variation in the vertical angle of arrival as discussed in 
a previous paragraph. 

The antennas at Netcong are six wavelengths long 
and the lowest conductors are about 10 ft. off of the 
ground. The gains over that of a half wave vertical 
antenna are in the order of 16 db. (power ratio of 40). 
The average improvement in signal-to-noise ratio is of 
the same order. There are certain null points toward 
the sides and rear for which the ratio of directional 
discrimination is very large. 

The transmission lines are constructed of inner and 
outer copper tubes respectively 3/16 in. outside diam- 
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eter and 5/8 in. inside diameter. The tubes are held 
concentric by torroidal shaped insulators made of 
Isolantite, a ceramic product similar to porcelain and 
well adapted for high-frequency voltages. This same 
material is used for insulating purposes throughout the 
transmitting and receiving antennas. Transmission 
lines are supported a few inches above the ground and 
are connected to earth at short intervals. The lines 
vary in length from 200 to 1500 ft. One of the inter- 
esting problems in connection with their design is the 
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provision of means for allowing variation in length with 
temperature. Ordinary expansion joints introduce 
difficulties with electrical contacts and impedance 
irregularities. To avoid these the lines are made 10 per 
cent longer than otherwise necessary and they follow a 
sinuous course which permits the necessary bending. 
Sharp turns are not permissible because experiments 
have shown that they cause reflection disturbances. 
The measured loss in 1000 ft. of line at 20,000 kilocycles 
is 2 db. 


RECEIVING STATION 


The radio problems encountered in the layout of the 
receiving station, in general, include most of those 
already mentioned in connection with the transmitting 
station, but their solution in some instances is quite 
different. In addition there are requirements imposed 
by sources of radio noise both within the station itself, 
and in the surrounding area which is beyond the control 
of the station. 

The number of antennas is determined, of course, by 
the frequency assignments of the distant transmitting 
station. Where two assignments are within 100 kilo- 
cycles it is possible to use the same antenna for both, 
but thus far, this has not been done at Netcong. 

The size of the antennas is not limited appreciably 
by the length of transmission lines because other 
factors make it necessary to separate them rather 
widely. On this account and also because the receiving 
apparatus and its power plant are small, comparatively 
inexpensive units, it is economical to place the receivers 
in small buildings centrally located with respect to the 
group of antennas for one channel. In this case the 
lengths of transmission lines are not controlling factors 
and the dimensions of antennas are governed primarily 
by the considerations previously outlined when de- 
scribing the individual antenna. The small height of 
the antenna permits them to be placed in the line of 
reception of other antennas spaced ten wavelengths or 
more away and of widely: different frequencies such as 
those of one channel. Antennas adjusted for the same 
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order of frequency are separated more than this. On the 
other hand, to avoid adverse reactions no two are placed 
adjacent and end-to-end as at the transmitting station. 
The end-to-end separation at Netcong is in the order of 
four wavelengths. The areas surrounding antennas are 
cleared of trees and kept free of all overhead wires or 
conducting structures to avoid reflection effects which 
disturb the directional characteristics of the antenna 
systems. 

The locations of antennas are also influenced ma- 
terially by the necessity of avoiding interference from 
the ignition systems of internal combustion engines. 
This imposes a requirement that the station site be 
isolated from air routes and roads carrying heavy 
traffic. The antennas are placed as far as possible from 
secondary roads which cross their line of reception. 

The layout at Netcong is shown in Fig. 11. There 
are thirteen antennas arranged in four groups with a 
receiver building for each group. A headquarters 
building located at the road entrance contains the wire 
terminating equipment, line repeaters, and voice fre- 
quency testing apparatus. The power plant at each 
receiver and the entire central terminal apparatus at 
the headquarters building are placed in electrically 
shielded rooms to prevent radio noise disturbances 
emanating from them and reaching the receivers directly 
or via the antennas. 

The radio stations described herein are pioneer 
commercial applications in the development of short 
wave telephone transmission. Although progress has 
been rapid and far-reaching our knowledge of the 
behavior of short waves is by no means complete. It 
is reasonable, therefore, to expect that the future holds 
many improvements and that the information obtained 
by further fundamental investigations may materially 
alter both our views of the transmission phenomena and 
our ideas of what the‘apparatus and stations should be. 


Discussion 
For discussion of this paper see page 643. 


Transoceanic Telephone Service— 
Short-Wave Stations 


Planning and Construction of a Short-Wave Radio System 
BY F. A. COWAN: 


Member, A. I. E. E. 


N the Spring of 1928 the use of the transatlantic 
telephone service which was inaugurated a year 
previously with one long wavelength radio circuit 

was increasing rapidly and gave promise of growing to 
such proportions as to require a number of additional 
telephone circuits by the end of 1929. In addition it 
was considered desirable to broaden the scope of the 
overseas service to include a telephone connection with 
South America. It was decided after careful considera- 
tion of the whole situation to provide these new circuits 
by means of short wavelength radio. At that time there 
was in operation a one way New York to London short 
wavelength channel which had been used during the 
summer of 1927, and at times during the winter, to 
supplement the existing long wavelength circuit. In 
the opposite direction some transmission tests at short 
wavelengths had been made but no use had been made 
of the channel for service. For the New York to London 
channel, an experimental transmitter at Deal Beach, 
N. J., was used and during the transmission tests from 
England to this country, the signals were received with 
experimental equipment located at Cliffwood, New 


Scheduled 
completion 
date for 
Step service 
Receiving center with first receiving unit 
for second New York-London circuit. . June 1, 1928 
Transmitting center with first transmit- 
ting unit and second receiving unit for 
third New York-London cireuit....... June 1, 1929 
Second transmittin® unit to release ex- 
perimental transmitter at Deal Beach. . Sept. 1, 1929 
Third transmitting unit and third receiv- 
ing unit for fourth New York-London 
CIN aE Pea eee ee ee a ee Dee. 1, 1929 
Fourth transmitting unit and fourth re- 
ceiving unit for first New York-Buenos 
ATresiGinGUibecrpeecm oisieasc iene eee Feb. 1, 1930 


Jersey. A survey of the situation indicated that to care 
properly for the extensive development being planned, 
it would be desirable to establish new transmitting and 
receiving centers to serve as the United States terminals 
for short wave circuits in the Atlantic area. 


1. American Telephone & Telegraph Company, New York, 
IN. Va 

Presented at the Winter Convention of the A. I. HE. E., New York, 
N.Y., Jan. 27-31, 1930. 


As a first step, it was decided to establish the first unit 
of a receiving center to be used for receiving in this 
country from England on a one way channel which 
would be associated with the then existing one way New 
York-London channel in setting up a second complete 
transatlantic circuit. Plans for the initial and succeed- 
ing steps, together with the desired completion dates, 
are given in tabular form. 


COORDINATION OF WORK 


In carrying out a large program of work, particularly 
when the work is of a pioneering character or when the 
interval between the starting date and the desired 
completion date is small, it is essential that all phases of 
the work be carefully scheduled and coordinated. In 
the early stages of the work on the short wave radio 
project a schedule of work covering each item in some 
detail was worked out and distributed to all involved in 
the development. To insure smooth progress of the 
planning and construction work covered by this 
schedule, joint meetings between the engineers and the 
representatives of the construction forces were held at 
frequent intervals and those phases of the job needing 
special consideration were handled promptly. 


SELECTION OF THE SITES FOR THE TRANSMITTING AND 
RECEIVING CENTERS 


Since a large percentage of the overseas business 
originates in New York, this city has been selected as 
the United States terminal of all the existing or proposed 
overseas services in the Atlantic area. Another advan- 
tage in terminating the circuits at New York is that 
there is radiating from this point a veritable web of main 
long distance trunk circuits which furnish ideal outlets 
for that portion of the traffic to points other than 
New York. 

With New York fixed as the terminal point the se- 
lection of sites for the transmitting and receiving centers 
was governed primarily by transmission considerations. 
Other factors, such as proximity of land lines for con- 
necting the centers with New York, cost of land, avail- 
ability of a reliable and adequate power supply, and 
accessibility, also entered into the final selection of the 
sites. The availability of a reliable power source of 
comparatively large capacity is a more important factor 
at the transmitting center. At the receiving points, 
since smaller amounts of power are required, the plant 
can be operated for several hours from storage batteries 
and the use of a reserve gas engine driven power plant 
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is feasible. This is a fortunate condition since the com- 
parative isolation required to redyce the likelihood of 
noise interference from ignition systems of internal 
combustion engines or from electrical machinery usually 
results in suitable receiving sites being somewhat 
remote from the sources of power supply. Except for 
the need of guarding against the possibility of electrical 
noises at the receiving center, the transmission consid- 
erations governing the selection of sites are concerned 
principally with the locations of the transmitting and 
receiving stations relative to each other and in turn 
with their location relative to the circuit terminal at 
New York and to radio stations of other communication 
agencies. 

With respect to the desirable distance from New York 


Fig. 1—Locarton or Bett System Overseas Rapvio TRANS- 


MITTING AND RECEIVING STATIONS 


there appears to be no outstanding advantage in favor 
of locating short wavelength radio stations at a distance 
from the circuit terminal even when the radio transmis- 
sion path could be appreciably shortened thereby. In 
the case of long wave radio transmission, however, there 
are greater advantages to be gained by shortening the 
transmission path, and for the receiving-station there is 
also the added argument for securing a site sufficiently 
northerly located to effect a material reduction in static 
noises. For this reason the receiving point of the long 
wave radio circuit used between New York and London, 
is located at Houlton, Maine, some 600 miles from 
New York. 

Even when it is desirable to locate the radio stations 
near the circuit terminal, as in the short wave system, 
it is not practicable to locate them very near a city the 
size of New York. There is also the necessity of keeping 
the distance between the transmitting and receiving 
stations near the value which will minimize interference 
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between the two. These centers should in addition be so 
located with respect to each other that for the important 
directions of transmission the normal directive charac- 
teristics of the antennas assist in reducing the possibil- 
ity of interference between transmission in the two 
directions. 

The sites actually selected by applying the principles 
discussed in the foregoing and their locations relative to 
each other are shown by Fig. 1, which indicates the 
locations of the various transmitting and receiving 
stations in the United States used in overseas radio 
telephone service. The transmitting and receiving 
centers for short wave use are all located within sixty 
miles of New York. All of these stations are on, or very 
near main cable routes and are connected with New 
York city by cable circuits. They are readily accessible 
by automobile. Special roads have either been con- 
structed, or are now being constructed in those cases 
where the plots are off the main highways. 


The transmitting center designated as Lawrenceville 
having an area of about 900 acres, and the receiving 
center designated as Netcong having an area of about 
450 acres, are the recently established ones used in the 
short wave system with which this paper is principally 
concerned. There are provided at present at these 
points, the United States terminals of the four overseas 
telephone circuits, three to Europe, and one to South 
America, the plans for which were discussed in the 
foregoing. The centers have been planned to care for 
additional circuits in the future. 


GENERAL LAYOUT AT LAWRENCEVILLE 


The buildings at Lawrenceville and Netcong are 
specially designed. At Lawrenceville there are at 
present two main buildings, each containing two radio 
transmitters. Both buildings are of fireproof construc- 
tion employing reinforced concrete and hollow tile with 
a brick exterior. The two buildings are identical with 
regard to that part devoted to the radio transmitters. 
One of the buildings, however, contains more office 
space, a line terminal room, a machine shop, and a 
garage which are intended to serve the entire center 
when fully developed. The floor plans for the first and 
second floors of the main building which are about 75 by 
95 ft. are shown in Figs. 2 and 3. 


On the ground floor of each building, occupying the 
entire width at the rear, are transformer vaults and 
rooms containing forced draft radiator units for cooling 
the water from the high power, water cooled vacuum 
tubes. Directly in front of these and also extending the 
full width of the building, is a room containing the 
water-pumps, the regular and emergency motor-gen- 
erators and starters, and their transfer switches. Fig. 
Aisa view of this equipment. Directly above the power 
room, and of equal floor area, is the transmitter room. 
The two transmitters are located in line on one side of 
the room with their switchboards in line directly op- 
posite. They may be clearly seen in Fig. 5, which is a 


640 COWAN: TRANSOCEANIC TELEPHONE SERVICE 


general view from one end of the transmitter room. 
The turrets containing voice frequency control and 
monitoring equipment may be observed in the center 
of the room. The overhead structure supports the 
radio transmission lines connecting the antennas to the 
transmitter, as well as the system of filtering lines used 
in connecting the sleet melting power to the transmis- 
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Fie. 2—First Fuoor Puan, Main BurmLpDING at 
LAWRENCEVILLE, NEw JERSEY 


sion lines. Control of all equipment is centralized in 
the transmitter room and the attendants on duty remain 
there except for routine inspections. The 10,000-volt 
plate supply rectifiers are located in an extension of the 
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Fie. 3—Srconp Fioor Puan, Main BuiupIne at 
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transmitter room at a slightly higher floor level over 
the middle transformer vaults. Beneath the rectifier 
room and on each side of the center vault there are high- 
voltage switch chambers each containing switch gear by 
means of which the complete substitution of transformer 
vault equipment from regular to spare may be effected 
by the operation of a single switch handle in the trans- 
mitterroom. All switches and apparatus compartments 
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are interlocked to prevent incorrect manipulation and 
to protect men doing maintenance work. 

In general the layout of the equipment in the various 
rooms and vaults is such that one set is on the left of the 
building, a second on the right, and the common spare 
equipment in the middle. This simplifies the cabling 
to the transfer switches which permit cutting the spare 
equipment into service. The major elements of each 
transmitter which are likely to develop trouble and 
require an appreciable length of time to repair, are 
included in this spare equipment. 

The central line terminal room, which contains the 


Fig. 4—Room Hoxipine Pumes anpD Moror GENERATORS 


equipment for terminating and testing the cables fur- 
nishing the wire circuits to New York, is located on the 
second floor of the main building. Directly below it 
the batteries and power equipment associated with this 
equipment are located. The line terminal room is 
electrically shielded by means of heavy copper sheeting, 


Fig. 5—TRaANSMITTER Room at LAWRENCEVILLE 


covering the floor, ceiling, and walls. The windows have 
fine mesh gauze screen substituted for the copper sheet- 


ing, and the door is provided with a metal covering 


which is bonded to the copper sheeting of the walls. 
This shielding is provided to prevent the high-power 
radio frequency waves from feeding back into the line 
terminal equipment and causing distortion or prevent- 
ing the proper functioning of the testing equipment. 

In addition to the radio transmitting power equip- 
ment associated with each transmitter individually or 
available for connection with either transmitter, each 
of the buildings is provided with transformers to supply 
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power for lights, machine shop operation, vacuum tube 
testing, and other uses. The power for all purposes is 
provided from two outdoor substations, one for each 
building, having a total capacity of 1200 kv-a. Each 
of these substations is located in the rear of the building 
it serves. Separate power cables leading to the various 
power units within the buildings are equipped with oil 
circuit breakers and disconnecting switches which per- 
mit the isolation of a unit in trouble for repair without 
shutting down the unaffected units. Both the power 
connections and the telephone circuits to New York 
are brought into the property in underground cables to 
prevent pick-up of the radio signals causing insulation 
breakdowns or other troubles. The entire power and 
telephone layout is provided with spare equipment, 
cables, and switching mechanisms, so as to minimize 
the possibility of a service interruption of serious mag- 
nitude, due to trouble in power or telephone connections. 
As in the case of the switches within the building all 
power switches and compartments are interlocked to 
prevent improper operation. | 

As pointed out in a paper by Mr. Bown, satisfactory 
short wave transmission requires wide changes in wave 
length to meet changes in the time of day, season, or 
other conditions. For usual conditions three selected 
wavelengths will cover the variety of requirements 
encountered fairly adequately, but at times additional 
_ wavelengths prove advantageous. For this reason one 
of the circuits to England has five wavelengths assigned 
although the South American circuit and the remaining 
two to England have only three assignments. A sepa- 
rate antenna is required for each wavelength. There- 
fore the transmitting antenna system for the four ex- 
isting circuits provides for 14 distinct antennas, 11 for 
transmission to England, and 3 for transmission to 
South America. Each of the regular antennas comprises 
an exciting and reflecting array supported in the space 
between three towers located in a line. For all but one 
antenna the spacing of towers for the antennas is 250 ft. 
A greater separation is required for the antenna used in 
operation at a wavelength of about 45 meters, and the 
towers are therefore spaced 365 ft. apart. The an- 
tennas for transmitting in the same direction are located 
end to end in the same line. This permits supporting 
antennas from both sides of all towers ina line except 
the two end ones. This close spacing of antennas is 
made possible by arranging the order of the antennas 
with respect to wavelength so that adjacent ones are 
very different in wavelenghts. The antennas for trans- 
mitting to England are supported by 21 towers located 
in a line about a mile long, running approximately 
northwest and southeast, and those for transmitting to 
South America are supported by seven towers in a line 
about a third of a mile long, running almost east and 
west. These two lines form a huge V when viewed from 
the air. Fig. 6 is an aerial picture of the Lawrenceville 
center showing the antenna towers and the two trans- 
mitter buildings. 
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To secure the proper characteristics it is necessary in 
some cases that the antenna arrays have a height of 
about 150 ft., so to secure flexibility and allow for sag in 
the supporting cable, the supporting towers have been 
made a uniform height of 185 ft. The towers were 
specially designed to meet the unusually severe condi- 
tions likely to be imposed at times by high winds and 
ice acting upon the antenna arrays. It may be of 
interest to note that antennas of the type used, act very 
much like huge curtains suspended from the towers and 
in consequence the overturning moment at times of 
cross winds is very large. In consideration of this, the 
cross section of the towers has been made rectangular 
rather than square, with the long axis of the rectangle 
perpendicular to the line of the towers. Head guys have 
been placed on the end towers and the entire line tied 
together by guys between the tops of towers. To min- 
imize any possible reaction upon the antennas these 
guys have been sectionalized with high-voltage strain 
insulators. The regular interval used between insula- 


Fig. 6—ArriaAL VIEW OF THE LAWRENCEVILLE CENTER 


Showing the antenna towers and the two transmitter buildings 


tors is varied with the wavelength of the antenna and 
ranges from around 25 ft. for the lowest wavelength to 
about 120 ft. for the highest wavelength. 

The towers are equipped with unusually large con- 
crete foundations, the dead weight of which alone is 
calculated to be sufficient to prevent overturning at the 
highest cross wind velocities anticipated. Another 
interesting feature of the tower system is the provision 
which must be made for lowering and raising the an- 
tenna curtains to permit repairs or adjustments. For 
this purpose four winches are located at the base of each 
of the towers in a line, except the end towers which have 
only two winches. The winches are provided with two 
gear ratios to meet the varying load conditions likely to 
be encountered. 

The Lawrenceville station is located in the line of 
flight of a regularly flown air route, and to guard against 
accidents the towers have been lighted in accordance 
with thé latest recommendations of the Department of 
Commerce. All told over 150 lights are used for this 
purpose. At the ends of each row of towers larger lights 
having 1000 candlepower are used. 
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The antenna curtain is supported by cables running 
from tower to tower and attached at each end to the 
winches. These cables, which are called main supporting 
cables, are sectionalized in the same manner as the guy 
cables. The antenna curtains hanging from the main 
supporting cables are kept taut by vertical and hori- 
zontal stay wires equipped with counter weights. Be- 
low the curtains the transformers used in combining 


Fig. 7—Lines Feeping LAWRENCEVILLE STATION 

the various parts of antenna are located. These trans- 
formers are actually parallel brass tubes one-quarter 
wavelength long, spaced the proper distance apart and 
supported by power type insulators on wooden frame- 
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Fic. 8—TRansmirTinc ANTENNA AT LAWRENCEVILLE 
works. A view of the antenna transformers and asso- 
ciated transmission lines is shown in Figs. 7 and’8. 


GENERAL LAYOUT AT NETCONG 


At the Netcong receiving center the development has 
been along the line of setting up separate receiving units 
for the different channels at various points and bringing 
the received signals into a central line terminal station. 
The central station, because of the importance of the 
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service concentrated therein, is a substantially fireproof 
building of brick construction. This building provides 
office space, a line terminal room, a central power trans- 
former station, and an emergency gasoline engine driven 
power plant. The line terminal room is electrically 
shielded in the same manner as described for the trans- 
mitting center, but in this instance to prevent the 
radiation of radio frequency noise to the antennas rather 
than to protect the apparatus from interference. 

The central terminal and administration building is 
so located on the property as to be the first point reached 
when entering by the main entrance road. To guard 
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This building also houses temporarily the line terminal equipment 


9—RecEIver BUILDING at Nercone 


against automobile interference, all but selected cars 
are stopped at this building and the journey from that 
point continued on foot or by special transportation. 
The individual channel receiving stations are small 
wooden frame buildings. This type of structure was 
adopted because the receiving art is developing rapidly 
and receiving equipment is not thought to have the 
same permanency as transmitting equipment. Also in 
case of fire the service affected would be limited and 
equipment of this type could be replaced rapidly with 
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a minimum of lost time. A photograph of one of the 
receiving buildings is shown in Fig. 9. The equipment 
in these buildings is located in two rooms, one for the 
radio receiving set proper and the other for the power 
supply consisting of storage batteries with charging and 
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voltage regulating equipment. This latter room is 
shielded in the same manner as the line terminal room 
in the central terminal and administration building to 
prevent radio frequency noise from this equipment 
being radiated and picked up by the antennas. Power 
and telephone connections for these buildings come 
from the central terminal building in cable. 

Each receiving building has three or more antennas 
grouped around it, one for each wavelength received. 
These antennas are supported by huge wooden frame 
structures. The size of these frameworks varies with 
the wavelength to be received. Expressed in terms of 
wavelengths the dimensions are about as follows, 4% 
wavelength wide, from 14 to 4% wavelength high, and 
4 to 6 wavelengths long. The long axis of the structure 
is perpendicular to the direction of desired reception. 
The upright and horizontal members of the structure 
are bolted together with fish plates and strengthened 
by cross bracing. The entire framework is carried on 
concrete foundations which have been made especially 
large to prevent the antenna overturning in high winds 
or getting out of alinement due to settling. The active 
elements made up of copper tubes are supported on the 
sides of the structure with “stand off” insulators. The 
transmission lines from the antennas to the receiving 
stations are concentric copper pipes supported about 
one foot above the ground by driven iron stakes. To 
care for expansion and contraction with temperature, 
these pipe lines are made to follow curving paths. 

In addition to the regular receiving units there is 
another receiving station at the Netcong center which 
is provided with a receiving set arranged for accurate 
field strength measurements and other radio testing 
equipment. This unit is called the Channel Observing 
Station. This station maintains a continuous check on 
the radio transmission conditions and advises the New 
York Control office as to the opportune time for the 
changes in wavelength which are necessary from time 
to time each day. Very accurate measurements of the 
frequency of received signals can also be made by the 
channel observing station. In case of interference to 
the telephone circuits from radio stations assigned to 
neighboring wavelengths such measurements facilitate 
the correction of the difficulty. 


TERMINAL ARRANGEMENTS 


The New York terminal of the overseas circuits is 
located in the Telephone Building at 24 Walker Street, 
which building is also the long distance office serving 
the greater part of the New York metropolitan area. 
The special terminating and testing equipment is lo- 
cated on the twenty-fourth floor of this building. There 
are at present eight units which are used for the various 
overseas services, four being used for the short wave 
systems we have been considering. Fig. 10 shows a 
portion of the equipment. in this room. From the 
terminal room the circuits go to the long distance 
switchboard where the operators are located. 


COWAN: TRANSOCEANIC TELEPHONE SERVICE 


643 


RESULTS 


The construction work on this project occupied a 
period of about two years from start to finish. Some of 
the work was carried out under particularly trying 
conditions. At times very unfavorable weather condi- 
tions were encountered. A considerable portion of the 
construction involved new types of plant for which 
there was neither precedent to be followed as to pro- 
cedure nor experience with which to establish the neces- 
sary time intervals accurately. By careful coordination 
of the work, however, the desired completion dates 
for the various parts of the project were realized. ‘The 
three additional European circuits have been placed in 
service and tests are now in progress looking towards 
establishing a New York-Buenos Aires circuit. 


Discussion 


TRANSOCEANIC TELEPHONE SERVICE 
(Mitter, Bown, OswaLp, AND CowAN) 
New York, N. Y., January 30, 1980 

Bancroft Gherardi: The engineer from the very nature of 
his work is necessarily chiefly concerned with the technical 
aspects of such a question as is before us this morning, the 
improvement and extension of communication service. But as 
engineers we don’t want to have altogether out of mind the social 
and economic results that may be expected to follow from what 
we are doing. 

Going back only about fifteen years ago to 1915, universal 
telephone service did not exist even throughout the United States. 
The eastern part of the United States could not telephone to the 
western part of the United States, or vice versa. By develop- 
ments that had been made in the preceding few years, however, 
in 1915 the two coasts of the United States were tied together 
telephonically. So that we can really say from 1915 on we had 
within the United States and with our sister country Canada, 
service which extended practically wherever there were settle- 
ments of any size. 

This, however, by no means gave universal service, although 
as many of you know, it has been for many years the policy and 
the aim of the Bell System to give universal telephone service so 
that anyone at any time, could talk to anyone else quickly, 
clearly, and conveniently. 

An enormous advance has been made since 1915. Most of 
Europe has been brought into the picture. The possibility of 
communicating with ships at sea has been demonstrated, and one 
of our large transatlantic liners, the Leviathan, is now equipped 
for the giving of commercial telephone service and has given such 
service on her most recent transatlantic trip. 

In addition, the development in a sister art has created still 
another problem for the telephone engineers. As airships have 
developed the problem comes up of communicating with airships, 
and the technical features of that problem have been solved. 

Mr. Miller has told you some of the proposed extensions of 
intercontinental service which are under way. I do not think he 
mentioned the fact that a station is planned and under way on the 
Pacific Coast looking toward the West and doing our part in 
making it possible to communicate with the Islands of the 
Pacific and with the Continent of Asia. So it is not going too far 
to say that the scientists, the research experts, and the engineers 
have done their part to render universal telephone service 
practicable, and that the applications have gone a long way to 
make such service a reality. Mr. Miller mentioned the fact that 
today from New York City or any other place in the United 
States or Canada, it is possible to communicate with about 85 per 
cent of all the telephones in the world. 
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After these connections are made other problems will remain 
to be solved, but they will not be the problems of the engineer. 
They will be problems of a social nature. I will mention but two 
of them. One arises from the fact that the world is approximately 
spherical in shape and that therefore when in some parts of the 
world it is daytime in others it is night. We already encounter 
differences of time between San Francisco and London of eight 
hours. Another hour is added to that difference in time when 
San Francisco communicates with Germany. 


I recently had a very interesting test conversation. I was 
located in New York and on a Thursday afternoon, at four p. m. 
I spoke by telephone to a man located in Sydney, Australia, 
only with him it was Friday morning at six a.m. Not only was 
there a difference in hours but there was actually a difference in 
days. Incidentally, also, there was a difference in seasons. He 
was in midsummer while I was in midwinter. 


There is no doubt whatever that the difference in time will 
furnish a certain limitation on the use of telephone service under 
certain conditions, but I have no doubt that in many eases the 
service will be so valuable to meet the desired needs of the users 
that the difference in time will be overcome. It is interesting to 
note that on the transatlantic telephone service we have service 
practically all hours of the day and night, showing that if people 
want to talk badly enough they will be willing to talk even in the 
early hours of the morning. 


The other difficulty is the language difficulty. Obviously 
people cannot speak to each other unless they can use the same 
language. Here, however, I feel we are going to have some help 
from another sister development of recent years, in which the 
Bell Telephone Laboratories have had an important part. I 
refer to the talking movies. What the ultimate outcome of this 
language question is I don’t know, but I feel quite confident that 
world-wide telephony adds an additional incentive to those that 
already exist with the increase in travel that goes on year by year, 
with the closer social connections that exist year by year through 
the different parts of the world, to the establishment of some 
universal language, and if we get such a universal language the 
people who I think will have created the major demand for it will 
be the scientists, the research people, and the engineers in their 
development of transportation, communication, and the talking 
movies. 


F. B. Jewett: There are two things I should like to say a 
word about. The first is a brief word concerning one of the 
technical problems which confront us, and the second has to do 
with some of the fundamental factors which confront those of us 
who would give a universal telephone service with the means that 
are now at our command. 


Mr. Bown in his remarks referred to difficulties in the radio 
transmitting medium which were presumably connected with 
disturbances in the sun. If that is a fact, and there is every 
reason to believe it is, [ surmise that in the years just ahead of us 
a great deal of useful information will be obtained by a closer 
cooperation between those of us who are interested in this sort 
of thing and, we will say, our astronomical friends. On my 
return from Japan recently, I stopped in Pasadena for afew days, 
and on one occasion when I was visiting Dr. Hale I was given a 
most vivid ocular demonstration of the magnitude of the 
magnetic forces which are related to the sun spots. I had 
oceasion to look at some of the spectral lines in and near one of the 
sun spots which was then on the face of the sun, a sun spot many 


times the size of the earth, which indicated magnetic forces in this 


vast electromagnet comparable to and possibly many times 
greater than any magnetic forces which we can produce even 
artificially on earth. The lines of the solar spectrum in and at 
the edges of the sun spot were split apart in the so-called Zeeman- 
effect manner, to a degree which I had never seen in a laboratory 
here on the earth, indicating a magnetic disturbance of a magni- 
tude which was beyond our conception. 
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If, as I presume, these disturbances are definitely connected 
with the disturbing forces we observe, it seems to me that a need 
of closer cooperation between our scientific people interested in 
the transmission of electrical energy and the astronomers is 
indicated. 

The other thing I wanted to call to your attention, because it 
seems to me that it is extremely fundamental to all of our con- 
siderations in the development of telephone service, is certain 
underlying differences which exist between telegraph transmis- 
sion and telephone transmission for commercial purposes, and 
certain requirements which are involved in the building up and 
giving of what we conceive to be adequate telephone service. 

For the most part, telegraph service is a delayed service. 
There may be exceptions to it, but in general it is a service which 
involves a greater or lesser degree of delay between the filing of a 
message and its delivery to its recipient. 'That being so, addi- 
tional and possibly erratic delays may not be of great moment. 
This tends to minimize the deleterious effects of the delays due 
to fading or static. 

On the other hand, telephone service in its ideal form is for the 
most part, a no-delay service, and the ideal telephone service 
would be one in which anyone desiring to speak to anyone else, 
could do it, as Mr. Gherardi indicated, easily, satisfactorily, 
and economically at any time he so desired. 

If that is the ideal, and I think it is, then any factors which 
have to do with erratic delays are highly objectionable. 

To go back, if you examine any of the applications of modern 
science, you will find that to a large extent the degree to which 
they are used and the degree to which they have become an 
integral part of our social and business structure, is closely 
related to their dependability, and so it is with regard to tele- 
phone service. It doesn’t suffice in the giving of a telephone 
service to be able to do it well sometimes. If telephone service 
is to be used by people for their social and business purposes as an 
integral part of their scheme of living, it requires that it should be 
done well substantially all of the time. That is, you cannot 
expect anyone to make use of telephone or telegraph service, 
or any other form of applied science as an integral factor in the 
organization of his business unless he can depend on it. 

Unfortunately, up to the present time, so far as the kind of 
telephone service we are now talking about is concerned, namely, 
transoceanie service, which at the moment has to be done by 
radio, there is not either with long waves or short waves, that 
degree of reliability which would permit of the maximum de- 
velopment of its use and the maximum incorporation of that type 
of service into the social and business structure of the world. It 
is true that by the use of a combination of long-wave trans- 
mission and short-wave multiple channel transmission, such as 
we have had here described to us, we are approximating to that 
degree of reliability, but we are still somewhat in the position 
that at times people cannot use the service just as they would 
like to useit. It is for that reason that we have, as was indicated 
in one of the papers, contemplated and are in the process of 
putting in as a supplement to radio a telephone cable across the 
Atlantic, not with the idea that it will supersede in any large 
measure the traffic handled over the radio channels but that it 
will provide an additional degree of security looking towards 
the giving of continuous service, and so tend to make the thing 
more nearly the type of plant, the type of structure which en- 
ables people to contemplate the use of telephone service with 
equanimity and surety. 

In the radio side itself, and contemplating its future develop- 
ment as it pertains particularly to telephony, we are of course 
confronted with all of the difficulties that have been mentioned, 
and also with the fact that the increasing demand for radio 
channels for all kinds of purposes is eating into what now appears 
to be a limited supply of the available channels. What the 
future has in store for us with further research and development 
work, particularly in the very short wavelengths, of course 
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nobody can say, but it is quite clear that whatever extension 
there may be to the number of available channels, that number 
is still pretty small, and if reliable telephone service across great 
stretches of water can be established in one place, the demand for 
a large number of channels may increase to an embarrassing 
extent, so that it is incumbent upon the scientists and engineers 
to do everything they can, not only to conserve what we now 
have, but also to extend the range of availability of channels. 

It seems to me from what little I know of the work as to both 
radio telephony and radio telegraphy, that every step we are 
making at the present time to the better utilization of what we 
have is tending to an enlarged use of what is available. The 
improvements which have here been indicated, and many others 
which have not been indicated, are all tending to make for a more 
efficient use of these channels, but there is still a very large 
amount of work to be done. 

I merely mention these points because they tend to amplify 
what Mr. Gherardi said, that over and beyond the purely 
technical problems there are some controlling problems in- 
herent in the social and business life of the world which determine 
to a very large extent not only the course which our development 
work should take but place definite limits on the things we can 
or cannot do. 

A. E. Kennelly: There is one point in the remarks made by 
Dr. Jewett that I should like to emphasize, namely, the rela- 
tively close dependence between radio communication and solar 
activity. It seems that we are dependent upon the sun not only 
for our beneficent conditions of warmth, food, and life, but also 
for maintaining in satisfactory performance our long-distance 
radio communication. 

During the last year, the Eiffel Tower has, I believe, issued 
every day at eleven-twenty Greenwich mean time, a meteoro- 
logical bulletin which is followed by a series of brief remarks 
concerning cosmical disturbances that have an influence upon 
radio communication, namely, sunspot activity, magnetic 
activity, the earth’s atmospheric electrostatic activity, and also 
seismometric disturbances. That service is part of the regular 
meteorological bulletin. Unfortunately, we don’t often hear the 
Biffel Tower across the Atlantic, but we are informed that the 
French Government is about to repeat this daily radio-cosmic 
broadcast from two of its radio stations simultaneously, com- 
mencing at 20.00 Greenwich mean time, namely Lafayette, on a 
wavelength of 16,900 meters, and Issy-les-Moulineaux, on a 
wavelength of 32.5 meters. 


The Scientific Union of Radio Telegraphy, or the U. R. 8. I, 
is much interested in this and similar subjects relating to the 
propagation of electromagnetic waves over the surface of the 
earth, and it seeks by a special liaison committee to develop a 
system through meteorological bulletins, of rapid intercom- 
munication concerning disturbances, whereby radio observers 
may not only be able to forewarn as to possible suspensions of 
communication but also through collection of statistics, indicate 
their influence upon transmission: 


It is quite possible that in the years to come, such communica- 
tions may be of great scientific value in addition to their com- 
munication importance, but I merely wish to point out that 
information concerning magnetic disturbances and sun-spot 
disturbances have, at the present time, a certain commercial 
importance, and a certain engineering importance, so that 
what is going on in the sun has a certain dollar-and-cent value 
for us to know, in relation to long-distance radio communication. 

I am making a plea, therefore, for the sympathetic considera- 
tion of any plans which may be fostered in this country by the 
meteorological. authorities at Washington, for the rapid dissemi- 
nation of cosmic information that may affect radio. Iam hoping 
that it may be possible to. do here what the Hiffel Tower has 
already done during the last twelve months, and I think that we 
may hope for such extension of service from the Arlington Sta- 
tion and other radio stations in the near future. 
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One thing more. Mr. Gherardi and Dr. Jewett referred in a 
very interesting way to the language question which, of course, is 
important sociologically. I should like to ask a question as to 
what the percentage of telephone communications, roughly 
speaking, has been in regard to distribution among the languages 
of the world, and what the indications are in regard to the diffi- 
culties of telephonic communication upon a language basis. 

G. W. Kenrick: Dr. Bown and Dr. Jewett have both em- 
phasized the complexities and importance of radio transmission 
phenomena in transoceanic telephony; students of radio com- 
munication are hence confronted with the problem of determining 
what type of experiments are best adapted to gaining information 
which will enhance its reliability. There are several methods of 
investigation which may be utilized. The most obvious and 
perhaps most widely employed method has been to observe the 
actual communication efficiency of the circuit, (7. e., articulation, 
intelligibility, frequency characteristics, ete.). This gives us a 
very good index as to the value of the channel under observation 
at the particular time of the tests. Unfortunately, however, 
this method may not be best adapted to indicating what will 
happen to the channel tomorrow, and it is only by a long series of 
consistent observations that some indication as to its actual 
reliability may be obtained. 

Such observations always run the risk of neglecting long-time 
variations such as those associated with the eleven-year sun spot 
cycle which has been shown to have an important correlation with 
magnetic disturbances. It -therefore becomes of interest to 
evolve experimental methods which will serve to separate the 
various causes of the transmission phenomena in order that they 
may be separately studied and appropriate means adopted for 
their successful elimination where they are undesirable. 

In addition to the regular measurements of field strength 
already indicated, there are other methods of investigation which 
are very interesting and which | think will play an increasingly 
important part in future investigations of radio transmission. 

Notable among these is a method evolved by Breit and Tuve, of 
the Department of Terrestrial Magnetism, and also used by 
Heising of the telephone group and numerous other investigators. 
In this method a signal in the form of pulse of very short duration 
(in the order of 10-4 seconds) is transmitted. This pulse in 
general travels from the transmitter to the receiving point by a 
number of distinct paths through the upper atmosphere (sup- 
posedly corresponding to a series of rays multiply reflected from 
the earth’s surface en route). At the receiving point the re- 
sponses to this single pulse due to signals arriving over these 
several paths may be separated by the variable time delays they 
have encountered and the transmission along individual paths, 
hence studied separately. 


The importance of this method of investigation lies in the fact 
that the effects produced by components of the received signal 
arriving over the various paths are separated and hence sus- 
ceptible of individual investigation, whereas measurements of 
field strength alone (or of transmission characteristics) give only 
the results of the syntheses of the transmission arriving over these 
several paths. Thus, signals arriving by various paths may 
combine in such a manner as to produce selective phase interfer- 
ence at the receiving point, and important distortion doubtless 
results from this cause. By means of multiple receiving antenna 
rays, however, signals suffering from this type of distortion may 
perhaps be successfully combined. Signals suffering selective 
distortion and attenuation along a single path are, however, 
much more difficult of utilization. The method described is 
helpful in furnishing further information as to what factors are 
mainly responsible for the particular type of fading experienced. 
It is also admirably adapted to studies of Heaviside-Kennelly 
layer heights and other factors which may be correlated with 
magnetic and solar elements. 


It therefore seems that the methods outlined may be of con- 
siderable help in the study of the problem. It remains, however, 
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for the radio engineer interested in transmission to be always on 
the lookout for new methods which will serve to further separate 
and clarify the various agencies entering into this extremely 
interesting but extremely complex problem of long distance 
communication. 

J. J. Pilliod: When one contemplates the purchase of about 
a thousand acres of land in one site to be used as a transmitting 
station, and five hundred acres or so for a receiving station, a line 
of towers a mile or more long, 185 feet. high, and other things of 
the kind referred to in these papers, problems are encountered 
which are not to be treated lightly, and which are entirely out of 
the range of the ordinary amateur type of radio station operation 
as contrasted with what we are trying to do here of giving a 
consistent, commercial telephone service. 

A. Nyman: The discussion this morning did not consider the 
theoretical features of transmission of short waves, but it would 
be interesting to know about the recent theories of polarization 
of radio waves and the turning of the plane of polarization. I 
understand that experiments have been made to determine the 
amount of turning of the plane of polarization and, for long 
distances, considerable degree of turning from vertical to hori- 
zontal plane or vice versa takes place. 

There is a type of wave known as cireularly polarized and 
of a type generally attributed to light waves. It may be thought 
of as a spiral wave with the plane during 14 cycle as vertical and 
the next 14 cycle as horizontal, the plane thus turning all the 
time from one plane to the other. It would be interesting to 
know whether any experiments have been made to utilize this 
circularly polarized radio wave, as it would seem that such a 
wave would possess certain advantages with regard to trans- 
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mission and reception, which are not possessed by the ordinary 
polarized waves. 

T. G. Miller: I should just like to do what I can to answer 
Professor Kennelly. The nature of the business where we turn 
facilities over to people to talk makes it rather difficult to get the 
statistics we should like to have. In my paper I pointed out 
that the statistics we had and the classifications, business and 
social, were obtained entirely from the location of the telephones 
which were used. For that reason it is not very accurate. We 
have no reliable information, as to the percentage using different 
languages, but unless I am very much mistaken the predominant 
use is English. ‘ Possibly about 85 per cent of the calls are in 
English. Many of the calls from Paris and Berlin are filed by 
Americans who are over there. 

Ralph Bown: In answer to Mr. Nyman’s question, I do not 
know of any experiments which have been made with circularly 
polarized transmission. Vertically polarized transmission as 
represented by the transmission from antennas having vertical 
elements, and horizontally polarized transmission from antenna 
systems having horizontal elements, are both in commercial use. 
Vertical polarization is used largely by American stations, 
whereas, I believe, the German stations at the present time go in 
more for horizontal transmission. 

Whether the use of the kind of polarization he refers to, 
circular polarization, would improve transmission results, of 
course must be left to experiment. Such experiments as I am 
familiar with, in which attempts have been made to analyze 
the distortions and the variations which occur at the receiving 
station, are not conclusive as to the effect of polarization 
changes. 
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Synopsis.—The paper describes experiments on the charging 
current and other associated phenomena in high grade transformer 
oil. The charging currents remaining after the elimination of the 
initial transient were studied to within a few hundredths second of 
application of continuous voltage. Two samples of the same oil 
obtained at different times differed radically. In one case the 
charging current fell off from the start, while in the other it remained 
constant for an appreciable time or even temporarily increased. 
On reversal of polarity after a long charge the initial current with 
both specimens was the same as before reversal, but with one a large 


INTRODUCTION 


N this paper we present the results of a series of 
studies on the initial, or short-interval conductivity 
of high grade insulating oil. New evidence is pre- 

sented as to the properties of the ions involved, the 
peculiarities of the resulting electric conduction, the 
wide variations of the latter with slight change of condi- 
tions, and other matters having apparent hearing on the 
behavior and life of the oil as an insulator. 

The conductivity of these highly refined oils may be 
measured but is so low that they must be regarded as 
among the most excellent insulators. Their conduc- 
tivity is anomalous in character, 7. e., it does not fall in 
with the well established laws of electrolytic conduction, 
as observed in liquids of higher conductivity. As we 
pass from the electrolytes into the poorer conducting 
liquids, the conductivities of the latter are found to vary 
widely with the degree of purity and care in preparation. 
This class of liquids, examples of which are chloroform 
and benzol, in the ‘‘pure” state have conductivities from 
10-8 to 10-8 mho to the cu. cm. In many hydrocarbons 
values as high as 10-" are found. Further Jaffé, Schrée- 
der, and others! by electric cleaning, inert electrodes, 
and high voltage, have reduced the conductivity . of 
certain liquids as low as 10—"8 mho to the cu. cm. 

The conductivity of these extremely poor conductors 
is evidently of different character from that of the elec- 
trolytes. Ohm’s law is not obeyed, the departures being 
greater the purer the liquid. In some cases a saturation 
current, analogous to that in gases, is observed. The 
nature of the ions which are active is not known. Under 
close purification and control the conductivity is subject 
to radio active influence, to the nature of the electrodes, 
and to impurities which cannot be completely removed 
by the electric field! As we shall see below, the best 
insulating oils fall into the class of extremely carefully 
refined liquids, and so their conductivities and other 
electrical properties are not completely understood. 
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momentary increase occurred a few seconds later. Evidence as given 
on the time of recovery of the initial condition. The existence of 
space charges in the charged oil is shown, and the time of formation 
of these charges together with the resulting non-uniform distribution 
of voltage is measured. The importance of the charging current mn 
its early stages is emphasized, since it is the initial conductivity which 
determines the a-c. loss. 

In an appendix a theoretical discussion is given on the influence 
of the space charges. It is shown that at least qualitatively these 
account for the observed phenomena. 


Experimental studies of these questions are difficult 
by reason of the excellent insulating properties of these 
oils. .A-c. measurements are difficult by reason of the 
small values of dielectric loss, and large values of capac- 
ity current. Continuous current observations usually 
involve the long time application of voltage, and give 
little information as to the behavior under alternating 
frequency. 


EXPERIMENTAL METHODS 


In the present work the principal observations were 
those of the charge and discharge currents under con- 
tinuous voltage. The photographic records begin within 
a small fraction of a second after the application of 
voltage or short circuit. An Einthoven string galva- 
nometer was used, in conjunction with a rapid, charging, 
short circuiting, discharging, and reversing switch. 
Further description of this apparatus is given in an 
earlier paper.? With this combination it was possible to 
insert the string galvanometer after 0.002 sec. following 
the first application of voltage, and after 0.002 sec. of 
short circuit in taking a record of discharge. Under 
best conditions the photographic record gives a reli- 
able reading beginning 0.02 to 0.04 sec. following the 
application of voltage on charge, or of short circuit on 
discharge. Current values for intervals beyond one 
minute after charge or discharge connection were ob- 
tained on a sensitive D’Arsonval galvanometer. A 
special application of a gold leaf electroscope for the 
measuring of potential gradient is described below. A 
few measurements of dielectric loss under alternating 
stress have been made, using a Wien bridge, with am- 
plified sensitivity. The experiments are continuing in 
this direction. 

The oil was placed in an open glass vessel, into which 
were immersed a pair of parallel plates, constituting 
the measuring condenser. The plates were of brass, 
each of 311 sq. em. area, and each completely sur- 
rounded by a guard ring 3.7 em. wide in its own plane. 
The plates were both supported from the same super- 
structure, which provided means for varying the dis- 
tance between plates, at the same time maintaining 
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accurate parallelism between the two plates and their 
respective guard rings. The maximum separation was 
2cm. The back of each plate was completely screened, 
as were also the measuring leads from the central plates. 
Owing to the extremely small currents to be measured, 
careful attention to the screening and the avoidance of 
leakage over insulating supports was necessary at all 
points. It was also found advisable to have the plates 
extend to very nearly the full width of the containing 
vessel. Otherwise at the wider spacings of the electrodes 
observations were disturbed by external fields, and by 
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Fig. 1—Orn ‘‘A’’—CuHarcGe at 1500 Votts 


Spacing of plates, 0.15 cm 


diffusion and slow currents in the oil. Continuous 
voltage up to 1500 volts was used for various plate 
spacings between 0.15 and 2cm. All observations were 
made at atmospheric pressure and temperatures in the 
neighborhood of 25 deg. cent. 


THE OILS 


Oil (A). This oil was of the highest grade of in- 
sulating oil, furnished by a well known refinery. 
Amongst other data furnished by the manufacturer is 
the following: “Resistivity 1.8 x 10 ohms per cu. cm.; 
moisture content about 0.002 per cent; air content un- 
known, but approximately saturated.”’ 

As measured by us the conductivity of the oil, after 
30 min. under continuous potential, varied somewhat 
with the electric stress, and between the values 
1.74 X 10-* and 3.6 « 10-* mho per cu.cm. These 
figures indicate an improvement over the maker’s fig- 
ures, and also the extremely high insulating character 
of the oil. 

The oil was ordered furnished in a 3-gal. container, 
which was sealed at the refinery. It was placed in the 
measuring cell without further treatment. We will 
speak of this oil as Oil (A). 

Oil (B). Asa deteriorated oil, a sample of the same 
oil as Oil (A) was taken from a 50-gal. metal drum, 
which had been shipped under the same conditions, 
but from which oil had been drawn from time to time 
over a period of several months. Deterioration, if 
present, was due solely to such air as had been admitted 
to the drum during the withdrawals of oil, and to any 
possible influence of the walls of the drum itself. The 
residual conductivity of this oil showed very much wider 
variations with electric stress than did Oil (A). Under 
approximately similar conditions Oil (B) showed a re- 
sidual conductivity of from 7 to 8 times that of Oil (A). 
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The average figure of 2.4 x 10-% mhos per cu. cm. 
shows however that the oil still had very high insulating 
value. 


OBSERVATIONS ON OIL (A) 


Charging Current Curves. Fig. 1 shows the photo- 
graphic record of the charging current-time curve when 
1500 volts are applied to Oil (A), with plate spacing of 
0.15 em. This curve resembles the typical dielectric 
absorption curve noticed in solids. It is, however, of 
brief duration, the current reaching an approximately 
constant value after 8 sec. This curve is reproduced 
in Fig. 2, together with those on the same specimen 
taken at 1000 and at 500 volts. The curves are not of 
exactly the same shape, and the initial ordinates in- 
crease more rapidly than in proportion to the voltage. 
The final long time conductivity is independent of 
voltage in the range studied. We call attention to the 
probable value of the short interval method for further 
study of this relationship in its bearing on the approach 
to breakdown voltage. 

Discharge Curves. It is usually assumed that good 
dielectric liquids show no residual charge. Both the 
oils studied here are in general accord with this 
assumption. . 

In taking the discharge curves the condenser is short- 
circuited for 0.002 sec., which is more than sufficient 
for the complete disappearance of the circuit transient. 
The galvanometer is then cut into the discharge circuit. 
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2— Oi ‘‘A’’—CuRRENT ON CHARGE 


Fig. 


Spacing of plates, 0.15 cm. 
Area of plates, 311 sq. cm. 


On the records we find no evidence of an initial peak 
value, corresponding to a normal residual charge. 
There is, however, a suggestion of a sustained low valued 
current decaying relatively slowly. Thus on discharge 
there is no initial high-value of current and indeed evi- 
dence of any residual charge whatever is limited to a 
long slow discharge of such low value as to be difficult 
to detect. 

Charge at Reversed Polarity. The pronounced differ- 
ences between the charge and discharge conditions 
above raise several questions as to the type, per- 
manence, or rate of recovery, and other features of the 
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anomalous conductivity indicated by the charging 
current. Consequently a series of records was taken 
in which a period of charge was followed by a reversal 
of voltage. The sequence of operations was as follows: 
Following a long period of charge the circuit is opened 
for 0.005 sec., after which the circuit is closed in the 
reverse direction. After 0.0025 sec., during which the 
reversal of geometric charge and circuit transient have 
disappeared, the string galvanometer is put in circuit. 


paste ers 


Fig. 3—Oi1 ‘“A’—CuHaArRGE WITH INTERVALS OF 
CIRCUIT 


No foregoing charge 
1500 volts. Spacing of plates, 0.15 cm. 


After the short photographic record the d’Arsonval 
galvanometer gives the long time current values. 

On reversal the initial peak is absent, at 0.2 sec. the 
current is somewhat though not much greater than that 
immediately before reversal and decays slowly to that 
value. We interpret this result as indicating an appre- 
ciable though not great recovery of initial conduc- 
tivity during the 0.005 sec. interval of open circuit; 
and that on quick reversal of field the conductivity 
remains substantially unchanged. 


4—OIL 


“B”_CyHarcGe witH INTERVALS OF SHORT 


CrrcuIT 


Long time foregoing charge 
1500 volts. Spacing of plates, 0 


Successwe Short Interval Charges. Further evidence 
of the time necessary for the recovery, after interrup- 
tion and short circuit, is given by the record of Fig. 3, 
which shows a succession of charging intervals all at 
the same voltage and polarity, but with short circuits 
of varying duration in between, and in Fig. 4, in which 
we have the same succession of charging intervals, but 
which are taken after a very long foregoing period of 
charge. These records show that the shorter the period 
of interruption and short circuit, the greater the differ- 
ence between the foregoing current pulse and that which 
follows, and conversely, the longer the period of inter- 
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ruption the more nearly the approach to the original 
condition. Fig. 4 also indicates that following a long 
period of charge the succession of charging curves are 
all somewhat lower in value and steeper, suggesting 
either that the long period of charge has caused some 
clean-up of original conductivity, or expressed in 
another way, that the recovery of the initial condition 
is retarded by a prolonged period of charge. The falling 
value of the current with time, however, remains in all 
cases very pronounced. 

To further study the rate of recovery, beginning 
after a long period of idleness, a series of charging curves 
was taken, each of 15 min. duration with increasingly 
long intervals of idleness in between. In this way it was 
found that about 3 hr. was necessary to restore the oil 
to its initial condition. 


OBSERVATIONS ON OIL (B) 


Charging Current. The charging current time curves 
of this oil differ markedly from those of Oil (A). They 
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are characterized by an initial value, which remains 
approximately constant over a period of two sec. or 
more. This is indicated by the record of Fig. 5, which 
should be compared with that of Fig. 1, both being 
taken under approximately the same conditions. The 
difference between the two is further emphasized by 
the long time curve of Oil (B) in Fig. 6. 

At times the initial portion of the charging curve for 
Oil (B) contains a slight hump shortly after the applica- 
tion of voltage. (See Fig. 7.) The appearance of this 
hump is limited to records taken at the higher values of 
gradient, and is sometimes entirely absent. Evidence 
is presented below to indicate that this is the result of 
an unequal distribution of space charge, following some 
foregoing period of charge or discharge. 

The essential differences between the two oils are: 
(1) that the initial values of charging current in Oil (B) 
are well in excess of those in Oil (A); (2) these initial 
values in Oil (B) are substantially constant over an 
interval of a second or more, while those in Oil (A) are 
falling rapidly from the start; and (8) the initial values 
in Oil (B) are closely proportional to the applied volt- 
age, while those in Oil (A) increase more rapidly than 
the voltage. 

Whatever be the causes of these differences in two 
samples of the same oil, it is evident that these causes 
must be of quitecommon occurrence. Moreover Oil (B), 
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somewhat poorer though it appears as compared with 
Oil (A), must still be regarded as in a highly satisfactory 
condition as regards ordinary insulating purposes. It 
seems to us therefore that in view of the differences 
shown, we have in the short interval current curves an 
important method for the study of the properties and 
especially the deterioration of high-grade insulating 
oils. Our own studies are continuing. 

Discharge Curves. The records of discharge current 
in this case, as in the case of Oil (A), show little evidence 
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of a definite residual charge. There is, however, some 
evidence here also, as in Oil (A), of a slow but long sus- 
tained value of discharge current. 

Charge at Reversed Polarity. The conditions for this 
test were prolonged application of voltage followed by a 
brief period of open-circuit, and then the application of 
an equal value of reverse voltage, the string galvanom- 
eter then being cut in for reading the reverse current, 
all as described for Oil (A). 

The outstanding features of all records of this char- 
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acter on Oil (B) are as follows: At first the reverse cur- 
rent is approximately constant over a period of perhaps 
1 sec., and at about the same value as that at the end of 
the preceding period of charge in the opposite direction. 
The current then rises rapidly to a maximum, this maxi- 
mum occurring anywhere from 2.5 to 7 sec. after the 
reversal. The magnitude of this maximum may be as 
great as 40 times the initial constant value of current on 
reversal, and from two to three times the initial value of 
charging current when voltage is applied to the neutral 
oil, the ratio increasing with increasing field strength. 
These peaks in the reverse current are not evident in the 
lower range of values of field strength. For higher val- 
ues the principal peak may be followed by a tendency 
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to a second peak of very low value before the current 
reaches a final constant value, see Fig. 8. 

This reversed polarity curve clearly suggests that the 
oil possesses two types of conductivity. One of these is 
quick in response, and is seen in the initial and final 
charging current, in the initial current on reversal, and 
may therefore be any one of the several types of con- 
ductivity which have been suggested for liquids, namely 
electrolytic, or perhaps a type analogous to that in 
gases, as suggested by observations of Mie,? Schréeder,‘ 
and others, in ultra-refined liquid dielectrics. Evidence 
in favor of the latter is presented in the saturation ex- 
periments to be described below. The second type of 
conductivity is that involved in the high peak in the 
reverse current. This evidently suggests either the 
presence of some large and slow moving ions, or some 
slow process of recovery of the initial conductivity per- 
taining to the neutral oil. It is difficult to see how the 
latter can be the explanation, since the peak in reference 
has a definite time lag after the idle period of open and 
short circuit, and since there is no way in which a mere 
reversal of voltage would have an influence on an orig- 
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inal rate at which ions of a particular type are 
produced. 


We were led, therefore, to consider the possibility of 
the presence in the oil, when voltage is applied, of space 
charges which are not drawn out at the electrodes by 
the electric field, and which exist in the form of heavy 
slow-moving ions. Such a charge or cloud of ions would 
not only account for the maximum of the reverse cur- 
rent curve, but would also set up a polarization e. m. f. 
and so possibly contribute to the original slowly decay- 
ing character of the charging current of the neutral 
oil. The following experiments seem to prove beyond 
question the presence of such space charges. 


Non-uniform Potential Distribution. If after the ap- 
plication of voltage the oil contains separated space 
charges of opposite signs, and these are distributed 
through the mass of the oil, they upset the normal uni- 
form potential gradient generally ascribed either to a 
perfect dielectric or to a uniformly conducting material, 
and cause a non-uniform potential gradient. Such non- 
uniform gradients have been observed by Mie,? in care- 
fully. refined ethyl ether, and his results have been used 
by Schroeder‘to show that the last traces of conductivity 
in liquids obey the laws of gaseous conduction. Our 
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results indicate that such non-uniform gradientsare 
present in the oil (B), thus indicating further its good 
insulating character. We have not studied Oil (A) in 
this particular, but judging from the character of the 
curves for reversed polarity, we suppose that the de- 
parture from a uniform potential gradient would be 
much less than in Oil (B). 

The experimental method is simple in principle, being 
merely that of measuring the potential acquired by a 
test electrode or probe placed at different positions be- 
tween the two charged plate electrodes. The experi- 
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mental application of this principle, however, involves 
many difficulties, chief among which are the low values 
of current in the oil, and the consequent up-setting of 
the normal existing condition, if any considerable charge 
is taken by the test electrode and the detecting instru- 
ment. A zero method is necessary and was obtained as 
follows: An inclined gold leaf electrometer was used as 
having very low electrostatic capacity, high sensitivity, 
and rapid deflection. The case of the electrometer was 
insulated and connected to one terminal of a variable 
voltage, d-c. generator. The leaf of the electrometer 
is first connected to the case. The potential of the case 
is then raised to the estimated potential of the test 
electrode, as indicated by a succession of approximate 
observations. The leaf is then disconnected from the 
case and connected to the test electrode. If the latter 
is at the same potential as the case, no change in de- 
flection results. Otherwise a deflection is obtained and 
another adjustment of voltage made. Evidently at 
zero reading the potential of the test electrode is the 
same as that of the d-c. generator, which may be read 
independently. Greater sensitivity may be obtained by 
charging the gold leaf. This may be done by incorporat- 
ing in the insulated electrometer system a 200-volt radio 
battery. This method was used in our experiments. 
The test electrode consisted of a very light and thin rec- 
tangular copper frame about 6.3 cm. square, over which 
was wound a 0.005 in. diameter ‘“Therlo” wire, forming 
a sort of grating. This was rigidly fitted to a carriage 
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moving in a slot on the super-structure of the electrode 
system, and along which it could be moved to different 
positions in the oil by screw motion. The principal re- 
sult of these studies is as follows: 

On first application of voltage the potential distri- 
bution remains uniform throughout for from 15 to 30 
sec. The potential at any point off the central plane 
then changes with time at first rapidly and then arrives 
more or less abruptly at a final steady value, after from 
5 to 10 min. This is indicated by the curve of Fig. 9, 
which thus shows the time rate of change of the poten- 
tial of plane occupied by the test electrode from its 
initial value pertaining to a uniform field between the 
plates. 

The distribution of potential in the final steady condi- 
tion is shown in Fig. 10. Our final check on the 
accuracies of these final observations was the agreement 
of values as measured from either electrode at ground 
potential, and with reversed polarity in each case. The 
observations under the several conditions are indicated 
by the groups of points for each position of the test 
electrode. 

It is evident from the curve of Fig. 10 that there is a 
marked variation of potential gradient between plates, 
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that it is symmetrical with reference to the two plates, 
and that the gradient is greatest towards the two elec- 
trodes. The shape of the curve suggests that the po- 
tential gradient is steepest near the electrodes. There 
is an indication, however, of a distributed space charge, 
rather than a thin layer of high potential difference at 
the surface of the electrodes, as suggested by Hartshorn,® 
Black,® and others. Fig. 11 shows the relation between 
the time variation of the potential of the test electrode 
and the resulting total current through the oil. It is 
seen that the interval during which the potential gradi- 
ent at any one point is changing most rapidly is also 
the interval during which the charging current is drop- 
ping most rapidly. This is the relation which would 
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obtain if the fall in current were due to the accumulation 
of a counter or polarization e. m. f., due to an accumu- 
lation of space charge near the electrode. It is obvious, 
however, that some other phenomenon is involved in 
the decay of the current, since it continues to decrease 
after the potential of the test electrode has become 
constant. 

Detection of Space Charge. The presence of a space 
charge may be directly observed by the following simple 
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experiments: Voltage is applied for some time to a pair 
of plates immersed in oil, a ballistic galvanometer being 
connected in series. If the plates are moved suddenly 
parallel to themselves into a fresh region of oil, the gal- 
vanometer gives a negative swing, indicating that the 
original charge on the plates is greater than that which 
pertains to the initial application of voltage to fresh oil. 
This can only be accounted for by the increased capacity 
in the original oil, due to the polarizing influence of the 
space charge. Ifa pair of neutral plates is moved into 
the region of stressed oil, following the withdrawal of the 
active electrodes, a gold leaf electrometer connected to 
the neutral electrodes gives a sharp deflection, followed 
by a slow decrease, due to the space charge or polariza- 
tion of the oil from which the polarizing field has been 
withdrawn. 

The Saturation Currents. In Fig. 12 is found a num- 
ber of complete charging current time curves on Oil (B), 
the initial values being taken from the string galvanom- 
eter records and the later values being read by the gal- 
vanometer. The spacings are from 0.25 to 2 em. and the 
voltages 750 and 1500 volts. We note two important 
characteristics of these curves. First the initial value of 
current, which we have already noted remains constant 
for 1 sec. or more, (not evident in these curves owing to 
‘the extended scale), is shown to be almost exactly pro- 
portional to the potential gradient indicating a constant 
initial conductivity. The value of this conductivity, 
from the average of 30 records taken over the whole 
range of spacings and voltages, is 5.1 Xx 10-4 mho per 
cu. cm. Of interest also is the fact that a saturation 
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condition is indicated in the values of the final steady 
current. The readings at 1500 volts show that the final 
steady current decreases with decreasing spacing below 
1 cm. spacing. The comparison of the curves at 750 
volts and 1500 volts indicates that with double spacing 
at the same gradient the current increases. These facts 
are in general agreement with the saturation phe- 


nomenon in gases, although the numerical relationships 


are not exact. 

Considering further these current time curves, it is 
noted that the greater the spacing and the less the volt- 
age, the smaller the difference between the initial value 
and the final steady value of current. In other words, 
the lower the electric gradient the less prominent the 
absorption feature, and in our case below 0.25 volt per 
mil the initial and final conductivities are closely equal. 
But the initial conductivity has been shown to be con- 
stant for higher stresses: Hence the low stress final 
conductivity which may be readily measured is seen as 
a true constant of the oil. 

We have already noticed, however, that in Oil (A) 
corresponding values on the charging current curves 
increase more rapidly than in proportion to the voltage. 
Consequently an early hope that the above mentioned 
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simple relation for Oil (B) might hold for all oils had to 
be abandoned. 

Energy Loss Under Alternating Stress. The excep- 
tionally high insulating properties of these oils result in 
very low values of energy loss. Measuring equipment 
of unusual sensitivity is necessary for the measurement 
of these losses in such small samples as represented by 
our test cell. However, in using a high sensitivity Wien 
bridge with three stages of amplification, we have suc- 
ceeded in measuring the loss at 1500 and 1000 volts, 60 
cycles, the resulting values being 1.138 x 10-4 and 
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0.43 =< 10-4 watts. These figures represent power fac- 
tors in the neighborhood of 0.0008. The figures, as 
checked by repeated observations, and in terms of the 
accuracy of the bridge setting, are estimated to be cor- 
rect within from 5 to 10 per cent. 

The charging current curves under continuous volt- 
age may be expressed in terms of apparent resistance, 
and the values corresponding to the initial peaks of 


charging current curves for the conditions under which. 


the above alternating measurements were made are 
235004 10", 3134 10"; and 2.24.<+10" ohms. for 
500, 1000, and 1500 volts respectively. If the alternat- 
ing loss be expressed in terms of parallel connected re- 
sistance, the figures given in the foregoing paragraph are 
2.4 < 10 and 2.73 x 10” ohms for 1500 and 1000 
effective alternating voltages respectively. 


These figures indicate that the apparent resistances 
computed from the charging current curves are of the 
correct order of magnitude to account for the a-c. loss. 
In other words, the anomalous conductivity of the 
liquid is sufficient to account for the loss and it is not 
necessary to invoke any more obscure causes. One’ 
of us has recently shown that this is accurately true for 
high grade impregnated paper insulation. It is our hope 
to extend our studies to a more exact correlation be- 
tween continuous and alternating characteristics of 
these oils. 


CONCLUSIONS AND DISCUSSIONS 


The principal results of the work are: 

1. Charging current curves of a high grade insulat- 
ing oil have been studied to within a few hundredths 
second of the first application of continuous voltage, 
over the range 0.25 to 100 volts per mil. 

2. Typical dielectric absorption curves are found in 
some cases. In others striking differences and peculiar- 
ities are found. Two orders of the same oil differed 
radically. The method gives great promise for the de- 
tection of fundamental differences among various 
samples and materials. 

3. Short time discharge studies gave no evidence of 
residual charge. 

4. Under continuous potential the oils show a non- 
uniform potential gradient. This is found to be due to 
space charges in the volume of the oil. 

5. Long time application of continuous potential 
improves the oil substantially, but only for a limited 
time, the oil slowly reverting to its original state. 

6. Loss measurements under alternating stress in- 
dicate that the anomalous conductivity under continu- 
ous stress is sufficient to account for all the loss. 


One of the outstanding results of the work is the wide 
difference found in the properties of two oils, supposedly 
the same, and typical of the best grade of the insulating 
oils of practise. There is little or no difference in the 
history of the oils. Moreover, no appreciable change 
in the properties of either oil was observed over a period 
of months, during which the oils were being studied and 
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each exposed to the air. Each oil was apparently orig- 
inally saturated with air, and any influence of the air 
is probably to be found in its relation to the original 
make-up of the oil, since there was no appreciable 
change during the experiments. 

Considering the bearing of these variations in prop- 
erties on the performance of the oil as an insulator, it is 
reasonable to assume that the most important are the 
short time characteristics. Here the two oils differ radi- 
cally and we may expect corresponding differences in the 
behavior under alternating stress. The high flat curves 
of Oil (B) suggest many more and larger ions than in 
Oil (A). It is not certain that this indicates a more ad- 
vanced deterioration, although this seems probable, in 
view of the indirect evidence of the greater number and 
size of ions present in Oil (B). 

The pronounced space charge found in Oil (B) is evi- 
dently a very slow phenomenon and there is no evidence 
that it has a direct bearing on the behavior under alter- 
nating stress at commercial frequencies. The time 
interval for the reversal of the position of space charge 
permits computation of the specific velocity (1 x 10~* 
em. sec. volt em.) of the ions involved. This figure 
indicates a slow and probably large and heavy ion, It 
is also probable that the long period required for the 
recovery of the original properties of the oil, and also 
the hump sometimes noticed in a charging curve (see 
Fig. 7), are to be attributed to the slow motion of clouds 
of space charge, particularly in the absence of an elec- 
tric field. There is little or no direct evidence of the 
presence of space charge in Oil (A), although indirect 
evidence indicates it is present in some degree. In an 
appendix we have attempted to give a picture of the 
character of the space charge, which seems to explain 
the principal experimental results. 

It appears probable that the peculiarities and varia- 
tions that we have been studying are due to oxidation 
in presence of the absorbed air. So interpreted the 
results throw interesting light on the limits of oxidation, 
influence on conductivity and loss, rate of elimination, 
recovery, progressive deterioration, etc. It is our hope 
to continue the studies in these directions. 

The work has been carried out under the provisions 
of a grant by the Engineering Foundation to the Johns 
Hopkins University, the problem being sponsored by 
the American Institute of Electrical Engineers.. Con- 
tributions to the fund have been made by a number of — 
industrial corporations. The authors wish to express 
their appreciation of the constant interest and encourage- 
ment of the Engineering Foundation and of the support 
of the contributing companies. 


Appendix 
SPACE CHARGE IN LIQUID DIELECTRICS 
Remembering that the liquid in the original neutral 
condition contains an equal number of positive and 
negative ions, uniformly distributed through the body 
of the liquid, space charges, when the liquid is subjected 
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to electric stress, may arise in two obvious ways. The 
first is by the withdrawal or loss of ions of one sign from 
any particular region. The second is by a similar excess 
or gain of ions of one sign. In each case reference is 
had to the original neutral state of the liquid as regards 
the number of ions of each sign per unit of volume. 


SPACE CHARGE DUE TO WITHDRAWAL OF IONS OF ONE 
SIGN 


Consider the application of a continuous potential 
difference to a pair of parallel plates immersed in the 
liquid. The resulting motions of the ions of opposite 
signs in opposite directions tend to withdraw the ions 
of one sign from the neighborhood of the electrode of 
the same sign. This in effect constitutes a space charge 
in the neighborhood of each electrode. The magnitude 
and the distribution of this space charge evidently 
depends upon the velocity with which the original ions 
are withdrawn, the rate of regeneration of new ions, the 
rate of diffusion and recombination, and probably other 
factors as well. We may say, however, that during a 
brief period of time following the application of voltage 
there is a central section in which the original density of 
both positive and negative ions remains the same, this 
region, however, becoming thinner with increase of 
time. On the two sides of this central region there are 
regions in each of which there is an excess of ions of one 
sign, thus constituting a space charge. This simple 
picture is sufficient to explain a number of the says 
mental results reported above. 

The conception of the motion and separation of te 
ions, and the resulting conductivity, is much the same 
as that in the more highly developed theory of electrical 
conduction in gases. In fact the application of this 
theory to liquids has been examined by Mie? both 
analytically and experimentally in connection with his 
observations on the final steady current in highly puri- 
fied ethyl ether. He finds and accounts for a steeper 
potential gradient near the electrodes, this gradient 
becoming less as saturation is approached. The work 
of Mie has led to a general acceptance of the fact that 
in highly refined simple dielectrics the laws of current 
conduction in the steady state are in fair accord with 
the theory of gaseous conduction. 

Apparently the variation of the current with time, 
following the first application of voltage, which as we 
have seen is present in the very best insulating liquids, 
has never been explained in terms of ionic theory. This 
is accounted for by the complex character of the 
phenomenon, into which enter several components not 
completely understood, for example the origin and rate 
of generation of new ions, rates of recombination and 
diffusion, variations in the size and mobilities of the 
ions, ete. As a consequence it has so far not been 
possible to combine these several components in a 
simple differential equation admitting a general solu- 
tion. Yet, it is obvious that a slow withdrawal of ions 
and an accumulation of space charges near the electrode, 
resulting in a polarizing e. m. f., must cause some such 
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decreasing current time relation as is observed in experi- 
ment. If we make several assumptions which are 
not too violent, even although there is little experimen- 
tal evidence in support, it is easy to deduce an expres- 
sion for the current, whichisin approximate agreement 
with experiments. 

Let ”, be the number of ions of each sign per cu. cm. 
in the neutral oil before potential difference is applied, 
v the specific velocity of the ions of either sign, the 
number of new ions formed per cu. cm. per sec., € the 
charge on each ion, K the dielectric constant, and n; 
the number of ions per cu. em. in the region of the space 
charge at any instant ¢t. The value of 7, will obviously 
depend on n in its relation to the total velocity with 
which the ions are withdrawn under the influence of the 
external field, as well as on the rates of recombination 
and diffusion of theions. For the sake of simplicity we 
may assume simply that n, is a decreasing function of 
(Ev), in which E is the applied potential gradient, thus 

=f Givi) sialson ate mt, 

After time t the boundary between the central group 
of both types of ions, and the region of space charge, 
has advanced to a distance v ¢t from each electrode. At 
this time the ions 7, of each sign in the central region will 
move under an electric gradient due to the external 
applied potential difference, less the counter potential 
difference due to the space charges. The ions ; in the 
space charge region will also move in a field made up 
of the external gradient less an average value of the 
counter field due to. the space charges. The total 
current in the external circuit will be that due to the 
joint motion of these two groups of ions. The relative 
numbers of each group is determined by the relation of 
v t to l, 2 1 being the distance between plates. 


The current at time ¢ will thus be: 
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It is readily seen that this current decreases continu- 
ously with the time and has the following values for the 
several values of the time as indicated: 
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nm. = f (Ev), with n as a limiting value 
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Thus this picture of the accumulation of space charges 
due to the withdrawal of ions of either sign from the 
neighborhood of the electrodes, explains an initial 
conductivity obeying Ohm’s law, saturation current, 
and a charging current decreasing with time. The 
absence of a discharge current may also be explained as 
follows: On short circuit as the space charges recombine 
in the liquid, a part also passes into the electrodes in the 
absence of an external e. m. f. and recombine through 
the external circuit, thus forming a current in the 
opposite direction. On the other hand, there are two 
conspicuous phenomena in the experimental studies 
which are not accounted for by this theory, namely, the 
maximum of current which is observed on the reversal 
of polarity as shown in Fig. (8), and the unequal 
potential gradient. There is apparently no way in 
which the maximum on reversal can be explained in 
terms of space charge originating in a withdrawal of 
ions of one sign. It is therefore necessary to add some- 
thing to the picture already presented. We find this 
in the second type of space charge mentioned above. 


SPACE CHARGE DUE TO EXcEss OF IONS OF ONE SIGN 


In an earlier paper we have called attention to the 
following picture of another type of space charge. 
We may assume a number of free ions always present, 
even in the more refined insulating liquids. The 
intense electric field near each of these ionic charges 
attracts to it a cloud of neutral dielectric molecules, 
thus increasing the mass and size of the ions and sur- 
rounding the central charge with a non-conducting 
envelope of greater or less thickness. On application of 
continuous difference of potential these enlarged and 
heavy ions of opposite sign move slowly and in opposite 
directions. When these ions reach the electrodes, 
owing to the non-conducting envelopes of neutral 
molecules the charges of many of the ions will be unable 
to escape and ions will accumulate in a layer or layers 
close to the electrode. Thus on first application of a 
potential difference, the ions will tend to move to the 
electrodes with velocities proportional to the external 
field, thus resulting in a current obeying Ohm’s law. 
As the layer of space charge accumulates near the elec- 
trode, the polarizing or counter e. m. f. rises, the velocity 
of the ions back of the space charges falls off, and the 
current decreases with time. At very low values of 
voltage the number of ions arriving at the electrodes 
may not exceed the number which normally give up 
their charges and no space charge will accumulate. 
For very high voltages the ions reach the electrodes 
more rapidly, pack more tightly, discharge less rapidly, 
and the tendency will be for a thinner layer of space 
charge, a sharper potential gradient near the surface 
and a total charging current starting with a high 
initial value, but falling rapidly to a final constant 
value. At sufficiently high values of voltage this final 
current might have a saturation characteristic. Un- 
Per this last condition the high field intensity be- 
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tween the space charge and electrode will pull the 
charges from the centers of the molecular groups as 
rapidly as new ions arrive at the outer face of the space 
charge. ; 


An exact analysis covering the processes of regenera- 
tion, recombination, diffusion, and other factors, is as 
difficult here as in the foregoing case, but it is not 
difficult to show, with simple assumptions, as in the 
foregoing case, that the current decreases with time. 


A review of the experiments on Oil (B) will show that 
they are in general qualitative accord with the fore- 
going. The initial charging currents obey Ohm’s law. 
Their rates of decay and their final values show the 
variation with field intensity and the saturation charac- 
teristics as described. The actual presence of space 
charge is shown and its resulting influence in producing 
a non-uniform potential gradient. The experiments 
with reversal of ‘polarity are especially significant in 
revealing the slow reversal of position of the opposite 
space charges with resulting maximum of current. 
The time required for this reversal shows at once the 
velocities of motion of these ions as 1 X 10~* cm. per 
sec., per volt, per cm., which is low for this type of 
liquid and indicates the large and heavy character of 
these ions. Other phenomena of interest are the 
relation between the rates of decay of charging current, 
and the accumulation of space charge, as related to 
potential gradient and the records showing repeated 
charging intervals, in the evidence they afford as to the 
rates of accumulation and recovery in the successive 
active and idle periods. 

It is to be noted that the phenomenon of the accumu- 
lation of space charge in Oil (B) is a relatively slow 
matter. The decrease in charging current, the rate of 
reversal of charge, and the accumulation of space 
charge, all extend over considerable intervals of time. 
It is not evident that the steep short time curves of 
Oil (A) are due to the same cause, although it appears 
not improbable. It is more likely that both types of 
space charge occur in all oils of this type and that their 
differences are to be accounted for by the varying 
magnitudes of the two types. 

One feature of this work which stands out as yet 
unexplained is the departure of the initial charging 
current values in oil (A) from Ohm’s law. Work is being 
carried further in a study of this question and of the 
relation between the continuous current and a-c. 
characteristics. 
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Discussion 


W. B. Kouwenhoven: The discovery of the presence of a 
space charge in a liquid dielectric, reported by Drs. Whitehead 
and Marvin, is a very important one. I have also found evi- 
dence of this phenomenon in a specimen of high grade cable com- 
pound. In this particular specimen to which I refer, all of the 
dielectric loss is accounted for by conduction. In our early 
studies of this material we took oscillograms of the charge and 
discharge currents under continuous potentials at approximately 
three-hour intervals. The charge period used extended over 
forty minutes, and was followed by a discharge or short cireuit 
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period of a couple of hours. A high sensitivity galvanometer 
measured the currents following the oscillograms and after about 
ten minutes no measurable discharge current could be detected. 
It was assumed that the compound had fully recovered its 
initial characteristics in the intervals between charges. The 
results, however, did not check; the conduction current was a 
maximum for the initial charge run of the day, the subsequent 
tests giving lower values. 

A study of the phenomena was therefore made. Fig. 1 here- 
with shows oscillogram 151, giving the charge and discharge cur- 
rents of the initial 500-volt continuous potential applications. 
The charging current is a straight line having a value 10 X 10-8 
amperes and remains constant during the entire length of the 
oscillogram. The d-c. calculated conduction loss is 50 microwatts 
which checks with an a-e. dielectric loss of 51 microwatts mea- 
sured at an alternating potential of 500 volts, (effective) 60 cycles, 
immediately preceding the oscillogram 151. 

In Fig. 2, oscillogram 154, is a record of the charging current 
at 1500 volts, obtained with this same specimen after allowing a 
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short circuit or recovery period of forty minutes following the 
initial application of continuous voltage. 

Oscillogram 154 does not show a constant value of charging 
current. Instead the charging current rises to twice its initial 
value about 11% sec. after the application of voltage, and then 
decreases gradually. This rise in charging current we believe 
is due to a space charge set up in the oil during the preceding 
charge period. As the length of the short-circuit period was 
inereased the rise in charging current became less pronounced 
and its maximum occurred at a later time. In this particular 
compound it required a short circuit period of seven hours for 
the space charge to vanish and the material to return to its 
initial condition. é 

We also found that the previous direct-current history of the 
oil had a considerable effect upon its dielectric loss, as measured 
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under alternating potentials. The application of direct current 
apparently improved the compound and lowered its dielectric 
loss. 

C. L. Dawes: (communicated after adjournment) May I ask 
if the authors noted any effects of occluded air.. Apparently 
the electrodes were immersed in an open vessel containing the 
oil. It has been our experience that under such conditions a 
very appreciable amount of air becomes entrapped, probably 
in the form of very small globules which adhere to the surface 
of the electrodes. We find it necessary to prepare such samples 
under very high vacuum in order to eliminate entrapped air. 

On page 653 it is stated that ‘Each oil was apparently sat- 
urated with air and any influence of the air is probably to be 
found in its relation to the original make-up of the oil.” This 
occluded and absorbed air may in part explain the space-charge 
ionization effects which are discussed later in the paper. 


High-Voltage Corona in Air 


BY SIGMUND K. WALDORF* 
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Synopsis.—In the last few years contributions to corona litera- 
ture by Holm, Ryan, Willis, and others have shown that the space 
charge liberated by alternating corona reacts on the corona to a high 
degree in determining its characteristics. This investigation 
studies the nature of these effects as influenced by variation in the 
limits of travel of the space charge. 

The three properties of corona readily lending themselves to 
experimental observation, the wave form and the value of the corona 
current, and the corona loss, have been observed when high alter- 
nating voltages are applied to a small smooth cylindrical conductor 
placed successively along the axes of four sizes of metal cylinders. 


In addition four frequencies of the alternating voltages were used. 
All the work has been done under atmospheric conditions. 

The theory of the influence of space charge as developed by Holm 
has been tested by experiment and a marked discrepancy is indicated. 
Values of power loss due to corona, as measured, differ appreciably 
from those predicted by Holm, but in general follow the quadratic 
relation suggested by Peek. 

Unusually large and clear oscillograms afford much interesting 
qualitative information as to the influence of space charge travel 


on corona. 
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vi aetna corona has been studied for many 
years and under many conditions, only in recent 
years have investigators realized that the space 
charge accompanying alternating corona plays an im- 
portant role in determining the coronal characteristics. 
Since 1924, the papers published on corona have dealt 
principally with this space charge, attempting to fix 
the limits of its travel from the discharging conductor, 
and with the effects of the variation of these limits upon 
the magnitude of the corona loss and of the corona 
current. The work up to that time has been treated 
in the well-known books by Thomson,' Townsend,?* 
Peek,‘ and Schumann.® Recently S. Whitehead® has 
given a brief outline of the subject with an extensive 
bibliography. Other recent contributions dealing with 
high-voltage phenomena and including good bibliog- 
raphies of the corona literature are those of A. Roth’ 
and U. Retzow.® 

An important recent contribution to the theory of 
corona formation and behavior is that of Holm.’ He 
has developed a formula for the calculation of the corona 
loss, and Willis!’ has developed a corresponding one 
for the corona current, both of which have been based 
on the theory that the space charge moves outward 
from the corona discharge at a definite rate fixed by 
the mobilities of the ions involved. As has been 
pointed out by these two authors, the accurate deter- 
mination of these mobilities is extremely difficult. 
Both have chosen average values of mobilities for their 
respective formulas and each gives experimental ob- 
servations in general accord with his theoretical 
development. 

Carroll and Ryan! attempted to determine the man- 
ner in which the space charge moves by the insertion of 
an exploring wire in the electrostatic field. Willis!° 
obtained the farthest travel of the charge. In this 
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latter determination a minimum of charge is prevented 
from returning to the wire and thereby a minimum of 
distortion of the field results. In the free and unre- 
stricted state the whole amount of charge liberated by 
the corona is thought to return to the corona wire or to 
combine with the charge of the succeeding half wave. 
When the opposite electrode is sufficiently close to the 
wire, varying amounts of the space charge reach it and 
are prevented from returning to the wire or recombin- 
ing. The exact amounts depend upon the supply 
frequency and the electrode spacing, other controlling 
factors remaining fixed. 

The present investigation studies the effects of the 
restriction of travel of the space charge upon the corona 
loss and upon the wave form and value of the corona 
current. The alternating corona discharge was formed 
on a hard drawn solid copper wire, 0.204 cm.in diameter, 
in air at atmospheric pressure. The wire was placed in 
succession along the axes of four guarded hollow sheet 
metal cylinders of 155, 61, 3014, and 15 cm. diameter, 
respectively. In accordance with the theory just dis- 
cussed, varying amounts of the space charge reach the 
walls of the cylinders each cycle, under a given set of 
conditions, depending upon the respective cylinder 
diameters. The greater the cylinder diameter, the 
farther the charge must travel to the cylinder walls and 
hence the less the amount that will reach them in a 
half cycle of voltage at a given frequency. 

The frequency of the supply voltage must also enter 
as a factor determining this amount. The lower the 
frequency, the more time allowed after the formation of 
corona for the outward motion of the charge, and hence 
the more going to the walls of a given size of cylinder in 
each half cycle. Thus in addition to using four sizes 
of cylinders, sinusoidal voltages of four commercial 
frequencies of 30, 40, 50, and 60 cycles per second were 
used. 

Changes in the values of corona loss and current, and 
variations in current wave form under these various 
conditions give new evidence as to the influence of 
space charge travel. 
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I. THE MEASUREMENT OF CORONA LOSS AND CURRENT 


Holm has been an outstanding contributor to our 
knowledge of corona formation with his work on the 
development of a quantitative theory of space charge 
behavior. As his formulas include a form for the calcu- 
lation of conditions about a wire in a cylinder, it has 
been possible in this investigation to compare directly 
theoretical and experimental values of space charge 
travel and of corona power loss. The corona loss 
observations have also been compared qualitatively 
with the quadratic relation suggested by Peek. 


APPARATUS AND EXPERIMENTAL METHOD 


The corona loss was measured with a quadrant 
electrometer wattmeter connected in the usual manner 
for power measurements. The needle voltage up to a 
maximum of 1800 volts was supplied by a 2 per cent 
and a 5 per cent tap on the transformer high-voltage 
winding. By insertion of resistance to ground in the 
guard electrodes of the corona cylinders, they were 
always raised to the same potentials as the central or 
measuring electrodes. This guard resistance was 
regulated until a vacuum tube voltmeter connected 
between the two circuits gave a minimum deflection, 
indicating both at practically the same potential. 

This voltmeter was arranged so that it could be con- 
verted by a simple switching operation into an amplifier 
having a sharply peaked response at the higher audio 
frequencies. In this latter capacity it served as an 
excellent corona detector when a radio headset was 
connected to its output. Below the critical value of 
voltage, the charging current of the corona wire is of 
perfectly smooth wave form, but at the instant of corona 
formation higher harmonics are introduced. When 
this current acts on the corona detector, a low hum is 
heard at the supply frequency below corona voltage. 
At the critical voltage a loud and high frequency buzz 
begins, which serves to give exceedingly sharp and 
definite indications of the formation of the discharge. 

The vacuum tube rectifier and d-c. microammeter 
used for measuring the corona currents were of the usual 
type and need no detailed description. The high 
voltage was measured by reading the charging current 
of an air condenser in parallel with the corona cylinders. 


WATTMETER CALIBRATION 


The electrometer wattmeter was calibrated with 
60-cycle alternating current and a pure resistance load, 
the load voltage being applied directly to the electrom- 
eter needle. The transformer taps used to supply 
needle voltage for the corona: measurements were 
checked as being correct with potential transformers. 
As a further check a power measurement was made using 
a length of high-voltage cable with various amounts of 
known resistance in series asa load. This checked the 
electrometer constant as well as the 5 per cent trans- 
former tap within 1.2 per cent for values of loss greater 
than a watt. For losses less than a half watt, the 
measurements checked within a twentieth of a watt, 
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which is satisfactory at the very low values of power 
factor. The 2 per cent and 5 per cent taps were checked 
against one another during each set of corona loss 
observations by taking a loss reading first with the 5 
per cent tap and then with the 2 per cent tap with the 
wire voltage at about 36 kv. These comparisons 
agreed within about 1.8 per cent. These checks, to- 
gether with other data taken and the manner in which 
readings could be checked indicated an over-all accuracy 
approximating 2 per cent for all but the lowest values of 
loss (less than a few tenths of a watt). 


CORONA LOSS OBSERVATIONS 


The power loss measurements were made in each of 
the four sizes of cylinders at 50 and 60 cycles. 


The critical voltage as indicated by the corona 
detector was always from two to four hundred volts 
higher than that at which a measurable loss began, 
except in the 15-cm. cylinder where the detector and 
wattmeter gave similar indications of corona formation. 
This discrepancy is to be expected as the electrometer 
had a very high sensitivity, readily indicating losses 
of the order of two to four hundredths of a watt. Due 
to minute surface irregularities there is a slight amount 
of ionization loss before the principal discharge occurs. 
This very small loss affects the electrometer, but the 
corona detector is dependent for its indications upon the 
principal discharge starting at a slightly higher volt- 
age. However, in the smallest cylinder, the presence 
of ionization causes an appreciable break in the current 
wave due to the space charge traveling immediately 
to the cylinder wall, resulting in an indication by the 
corona detector. The presence of the loss and the 
appreciable break in the current wave form appearing 
at the same time causes both the wattmeter and the 
detector to show the beginning of corona formation. 


For these measurements, the critical voltage was 
taken as that at which the ionization loss first appeared. 
All observations in this work were made on a simple 
common basis of comparison: namely, equal voltage 
increments above the respective critical values. It is 
recognized that a given voltage increment will produce 
more severe electrostatic conditions in a small cylinder 
than in one of greater diameter, but the existing 
gradient relations cannot be determined at present 
due to an inexact knowledge of the influence of the 
coronal space charge. 


As the air density varied slightly for the several sets 
of loss observations, they have all been corrected to 
standard conditions of air temperature and pressure by 
the relation given by Peek,‘ that the loss varies inversely 
as 6, where 


5 3.92 b 
~ 273+ 
6 = air density | 
b = barometric pressure in centimeters _ 
t = air temperature in deg. cent. 
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The relative humidity varied from about 50 per cent 
to 70 per cent for the various sets compared. 

The results of the power measurements are given in 
Fig. 1, in which the curves have not been drawn to the 
origin to avoid confusion. The actual observations, 
however, were carried through that region. The effect 
of the restriction of the space charge by the walls of the 
smaller cylinders, although not very pronounced, can 
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be traced in the form of these loss curves. As the 
cylinder diameter is reduced, for a given excess of volt- 
age above the critical value the loss increases slightly 
more rapidly than in inverse proportion to the square 
root of the spacing, as the work of Peek‘ would indicate. 
Especially is this true in the 15-cm. cylinder, where the 
loss curve rises much more sharply in proportion than 
do those corresponding to the larger cylinders. Here 
a great deal of charge reaches the cylinder walls and 
has the effect of a high conduction current in phase 
with the voltage. This may be seen on the oscillo- 
grams obtained when using this cylinder, as illustrated 
in Fig. 10. 


CORONA CURRENT OBSERVATIONS 


The average values of the positive and negative 
half waves of the corona current were measured in 
each of the four cylinders using voltages of 30, 40, 50, 
and 60 cycles. The curves of Figs. 2 and 3 illustrate 
the general characteristics of the corona current as 
affected by the space charge. 

It is interesting to note that the positive and negative 
currents are always equal in the 155-cm. cylinder at 
all frequencies, as is shown in Fig. 3. As the cylinder 
size is reduced this condition no longer exists, the posi- 
tive current being the larger at first as the voltage is 
raised, then the negative gaining predominance. This 
effect is shown in Fig. 2. 

Willis’? work on the boundary of the space charge 
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explains this behavior of the corona current. He found 
that the positive space charge had no well defined 
boundary, but tapered off in intensity due to diffusion. 
In addition to this the positive corona starts at a lower 
voltage than the negative, and the positive ions have 
the greater mobilities in the weak fields. Thus, in the 
largest cylinder the walls are so remote from the wire as 
to be out of the range of any appreciable space charge. 
However, at the lower voltages the walls of the 61-cm. 
cylinder receive a small amount of the positive charge, 
resulting in the positive current slightly overbalancing 
the negative in this voltage region. With a higher 
voltage, the negative charge begins to arrive at the 
cylinder in quantity, causing the negative current 
ultimately to overshadow the positive in magnitude. 
The large preponderance of the negative current at the 
higher voltages indicates that the carriers participating 
in the negative discharge are of greater average mobility 
in the higher voltage gradients than those of the posi- 
tive discharge under like conditions. 

A further effect of the space charge upon the corona 
current is illustrated in Fig. 3 in a comparison of the 
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Average values of half waves 


effects of frequency upon the currents in the 155-cm. 
and in the 30.5-cm. cylinders. In the larger of these 
there is a relatively wide separation of the current 
curves, whereas in the smaller they are relatively close 
together. In the larger cylinder no ions travel to the 
cylinder walls, so the current is largely capacitative and 
greatly affected by frequency. In the smaller one the 
ionic conduction current forms a considerable portion 
of the whole, and as has been pointed out, is little 
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affected by frequency. This reduces the capacitative 
effect and tends to make the corona currents have the 
same magnitude at all frequencies for fixed voltage 
conditions. 


II. CHECK OF CORONA Loss FORMULAS 


The Holm Formula. Holm’s® formula for the calcula- 
tion of corona power loss has been based on the theory 
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that the space charge takes certain average positions 
for definite phases of the corona discharge. His work is 
especially interesting in that he has given a relatively 
simple form for the calculation of the loss in cylinders 
such as were used here. He has given the following 
formula as suitable for use at moderate effective volt- 
ages under atmospheric conditions of 76.0 cm. air 
pressure and 20.0 deg. cent. air temperature. 


W = 4 cos 0.6 a B (z 
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Ly) = average distance of space charge from middle 
of wire 

f = frequency 

a = radius of wire 

D = radius of cylinder 


The loss observations have been corrected to the 
conditions of Holm’s formula where 6 = 1.018, following 
the method of Peek’s loss formula, for their comparison 
with the calculated values. The comparisons are given 
in Figs. 4 and 5, which show that the loss formula of 
Holm gives values lower than those observed, although 
in general both observed and calculated curves have the 
same form. Of further interest in checking Holm’s 
formula is Fig. 6, a direct comparison of the corona 
currents at 60 cycles in the various cylinders for equal 
excesses of voltage above the respective critical values. 
The sudden rise of the negative current indicates that 
the negative space charge has a relatively sharp bound- 
ary and the more gradual rise of the positive indicates 
the more diffuse nature of the positive space charge. 
For an excess of 6000 volts above the critical value in 
the 30.5-cm. cylinder, Ly as calculated from thé expres- 
sion of Holm is 4.5 cm. as compared with approximately 
ten or twelve cm. radius of the space charge indicated 
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by the upward trend of the currents in Fig. 6. The 
experimental conditions of this comparison are quite 
different from those upon which the formula has been 
based, unrestricted motion of the space charge. This, 
no doubt, accounts at least in part for the large dis- 
crepancy between the observed and calculated average 
position of the space charge. However, the observed 
loss in the 155-em. cylinder where the space charge has 
unrestricted motion, also indicates that the Holm 
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formulas underestimate the length of the excursion of 
the space charge. 

The Peek Formula. F..W. Peek, Jr.,4 has derived 
an empirical formula for the.corona loss which states 
that the loss increases as the square of the excess of 
voltage above the critical value Ey. To investigate the 
accuracy of this formula, the square root of the ob- 
served corona power loss is usually plotted against the 
wire voltage directly, or for convenience of comparison, 
against the excess voltage as was done in Fig. 7. The 
curves of Fig. 7 approximate straight lines very closely 
except in the early stages of the corona formation, indi- 
cating that the loss in the cylinders follows the quadratic 
relation within the upper range and conditions of these 
observations. The departure from the quadratic law 
in the initial stages of corona formation has been attrib- 
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uted by Peek to surface irregularities on the conductor, 
an explanation not completely satisfactory here, as this 
work has been done with a clean conductor. 


III. THe STuDY OF THE WAVE FORM OF THE CORONA 
CURRENT 


As early as 1904, Ryan” published the results of an 
investigation of corona by means of a cathode ray os- 
cillograph. In 1913 Bennett'* made an oscillographic 
study of corona using a reversed current transformer to 
amplify the small corona currents sufficiently for the 
operation of an oscillograph vibrator; Whitehead and 
Inouye used a contactor method for determining the 
corona current wave form; a number of later investi- 
gators!®.167,18 have employed the cathode ray oscillo- 
graph in making such studies. For the present work 
the Duddell electromagnetic oscillograph has been used, 
adapted by means of a special vacuum tube amplifier to 
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the small corona currents obtained with laboratory | 
apparatus of moderate size. This combination has 

proved itself to be most satisfactory and has been the 

subject of an earlier paper by the author.’® 

The combined amplifier and oscillograph as used is 

essentially a voltmeter recording the voltage variations 

between the terminals of a resistance through which 

flows the current to bestudied. The input of the device 


80 


fon) 
Oo 


CORONA CURRENT IN 
MICROAMPERES PER FOOT 


0 20 40 60 80 100 120 140 160 
CYLINDER DIAMETER IN CM. 


Fic. 6—Varration oF Corona CURRENT WITH CYLINDER 
DIAMETER AT Constant Excess OF VOLTAGE ABOVE THE CRITICAL 
VALuE At 60 CyrcLEs 


was always connected across the input resistance in the 
low-voltage measuring circuits of the corona cylinders 
with the grid return grounded and the grid connected 
to the ungrounded side of the input resistance. (The 
term “input resistance” is used to denote the resistance 
across which the amplifier input is connected for the 
observation of a wave form.) This method of con- 
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nection makes the half waves above the zero axes on 
the oscillograms correspond to those when the corona 
wire is negative, and those below, to when it is positive. 
ExTRANEOUS Factors AFFECTING THE WAVE FORM 
OF THE CORONA CURRENT 

To isolate those effects due to the space charge alone, 
other factors affecting the corona current were first 
determined and then their influence eliminated. It was 
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found that a sinusoidal voltage could only be obtained 
on the corona wire when the two primary windings of 
the high-voltage transformer were connected in series. 
With the parallel connection, the magnetizing current 
of the transformer was large enough to introduce har- 
monics into the alternator wave form. 

The “‘oscillations” or irregularities in corona current 
waves have been the subject of discussion for some time. 
Bennett! found true damped oscillations of definite 
frequencies started by the corona at the instant of 
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copious ionization, with frequencies fixed by the circuit 
constants. Usually these irregularities have taken the 
form of small ripples in the current waves during the 
existence of corona. As the present oscillographic 
method readily lends itself to the study of transients, 
the nature of this type of irregularity was investigated 
at some length. 

The early work showed irregularities present on the 
positive as well as on the negative half waves of the 
corona current. The positive ripples were definitely 
traced as arising from extraneous discharges in the 
high-voltage circuit. After this circuit had been com- 
pletely reconstructed to eliminate all discharges except 
that surrounding the corona wire, all traces of the high- 
frequency ripples disappeared from the positive corona 
current, those in the negative remaining. 


EFFECTS OF THE SPACE CHARGE ON THE CORONA 
CURRENT 
Observations made with the corona wire suspended 
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in the largest cylinder, 155 cm. in diameter, were taken 
as those representative of conditions where the space 
charge has absolute freedom of motion. Willis,' 
using this same cylinder,.found that no space charge 
would reach its walls at 60 cycles with voltages up to 
100 kv. applied to wires comparable to the No. 12 
(Brown and Sharp gage) wire used here. Some typical 
oscillograms taken under such conditions are shown in 
Fig. 8.. For voltages below the critical value, the charg- 
ing current of the wire is of purely capacitative nature. 
As the voltage is raised, a critical value is reached (70.0 
tertiary volts for the oscillograms shown) at which a 
break appears in the current wave, caused by the forma- 
tion of ‘corona and resulting increased current due to 
ionization. The positive break is always found to be of 
a relatively gradual nature, whereas the negative is very 
sharp. As the voltage is raised farther the ionization 
current becomes larger, causing increasing large breaks 
in the current waves. Holm,° has given an excellent 
description and theory of the mechanism of these char- 
acteristics and their variation. 

Inspection of the records shows that the positive 
corona always produces a smooth current wave and the 
negative an extremely irregular one. The behavior of 
the positive corona current peak is of interest when the 
voltage is at the critical value and the cylinder di- 
ameter is decreased. In Fig. 8, taken in the largest 
cylinder, it will be seen that under these conditions 
the positive and negative corona peaks are of about 
equal prominence. The negative is usually detected 
first because of the sharp break it produces in the 
current wave. Although the positive corona forms 
first under the conditions obtained in this work, it is 
difficult to detect because of the flattened form of its 
initial current break with cylinders of large diameter. 


Fig. 9—Tuis Recorp SHows THE EXISTENCE oF APPRECI- 
ABLE PosITIVE CoRONA CURRENT BEFORE THE APPEARANCE OF 
NEGATIVE CORONA 


This is due to the passage of positive space charge from the wire to the 
walls of the 15.0-cm. cylinder 


However, as the cylinder size is reduced, the positive 
peak becomes gradually more and more pronounced. 
In Fig. 9 there is an appreciable positive corona current 
before the appearance of the negative. In light of re- 
cent discussion this is to be expected. Where the elec- 
trode distances are great, as in the largest cylinder, no 
charge reaches the cylinder walls and hence the current 
change indicated at the initial corona formation is only 
the very small increase in the displacement current. 
As the walls of the cylinder are approached nearer the 
corona wire they arrive within the range of travel of the 
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spacecharge. As this approach is continued, increasing 
quantities of charge arrive at the cylinder, which is 
manifested by increased current flow, or in other words, 
by an apparent increased conductivity of the air. 
In this way a very appreciable positive current flows in 
the smaller cylinders before the negative corona makes 
its appearance. 

The nature of the irregularities appearing in the 
negative corona current is indicated by the oscillograms. 
At the lower voltages the ripples are very pronounced, 
becoming less so with increasing wire voltage. The 
results of Lee and Kurrelmeyer,” working with d-c. 
corona, are helpful in explaining this behavior. They 
found negative corona to be of irregular character, 
occurring as minute localized discharges on the wire 
which became more numerous as the voltage was in- 
creased. Such a condition tends to make the nega- 
tive corona current more regular in form at the higher 
voltages. With a large number of localized discharge 
points, the characteristic variations in intensity of 
ionization at the individual points will not occur in 
unison, consequently the variation over a length of 
conductor taken as a whole will not be as great as when 
there are fewer points of discharge. Thus, when the 
conductor voltage is several times the corona voltage, 
the oscillograms show the negative corona current wave 
approaching the positive wave in apparent smoothness. 
Fig. 8 illustrates this tendency. 

It has been found that these ripples are much more 
prominent at 30 cycles than at 60. This is because the 
ionization current is in larger proportion to the capacity 
current at the lower frequency and appears with greater 
prominence in comparison to this reduced charging 
current component. By taking this into consideration, 
it is found that the amplitude of the ripples is of about 
constant value at all the frequencies used, other factors 
remaining the same. However, with reduction of 
cylinder diameter the ripples become more prominent. 
Here there is the same effect appearing as causes the 
prominence of corona formation in the smaller cylinders. 
(See Fig. 9.) When copious ionization occurs at one 
of the localized negative discharge points, the conduc- 
tion current arising from the space charge traveling 
almost immediately to the cylinder walls supplements 
the displacement current, the only component acting 
in the larger cylinders. In this manner the restriction 
of the space charge by the cylinder magnifies the inter- 
mittent character of the negative discharge. 

As to frequency, the ripples behave consistently in 
the same manner, having apparently no predominant 
frequency within the range of the oscillograph. The 
frequencies are so high that they cannot be measured 
on the oscillograms with any degree of accuracy, so all 
that can be said about them is that they are more rapid 
than about 3500 cycles per second. As the corona 
discharge is known to cause radio interference, investi- 
gation in the higher frequency ranges may yield more 
definite results. However, our present information 
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seems to indicate that the corona has no definite fre- 
quency characteristics and that when such conditions 
are indicated, the resonant frequencies are probably 
a property of the experimental circuit and usually can 
be traced to the circuit constants rather than to the 
discharge itself. It must be remembered that these 
high-frequency ripples are a property of the negative 
corona current alone. 

As the cylinder size is reduced and the other condi- 
tions left unchanged, the ratio of maximum corona cur- 
rent to average current increases. This effect is illus- 
trated in Fig. 10. The ionization current flows for only 
a portion of the cycle and in the smaller cylinders has 
increasing values, increasing the maximum values while 
affecting the average values to a much less degree. 
With a fixed cylinder diameter and frequency and in- 
creasing voltage, the ratio of maximum to average 
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values at first increases rapidly, then gradually decreases 
as the corona discharges for greater percentages of 
the cycle. The frequency of the applied voltage does 
not have any appreciable effect on this ratio within the 
umited frequency range used for these studies. 


TRANSIENT CORONA OSCILLOGRAMS 

As an interesting supplementary study, a number 
of observations was made of the formation of corona 
as the voltage was raised above the critical value. 
Fig. 11 shows the transient as the voltage was raised 
slowly, and Fig. 12 shows two transients when the 
voltage changes occurred quickly. The crosses on the 
records mark the beginning of steady conditions as” 
found by measurement of the oscillograms. 

The observations of transient conditions indicate that’ 
60-cycle corona, when the travel of the space charge is 
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unrestricted, requires at least one or two cycles to reach 
a steady condition after the voltage has become stable, 
—a greater lag than this cannot with certainty be said 
to occur. The transient records also show that the 
positive or the negative corona may arrive at the steady 
state first and that the next succeeding opposite corona 
current wave after this initial arrival is also in a stable 
condition. 


IV. SUMMARY 


1. The influence of the space charge due to the high- 
voltage corona on the value and on the wave form of the 
corona current, and on the corona power loss, have been 
studied for the case of a smooth wire in a concentric 
cylinder, over a range of diameters of the latter and of 
frequencies of the alternating high voltage. 

2. The corona loss has been measured over a wide 
range of conditions by an accurate quadrant electrom- 
eter method. ‘The observed corona power losses vary 
noticeably from the theoretical corona power law for 
concentric cylinders as proposed by Holm, which aims 
to include the influence of the space charge travel. 

3. The power loss measurements are in general 
accord with the quadratic law of the excess voltage as 
proposed by Peek only in the voltage region consider- 
ably above the critical value. As these measurements 
were made with a clean central conductor, the departure 
from the quadratic law in the initial stages of corona 
formation cannot be attributed to surface irregularities 
as Peek has suggested. 

4, These results in general indicate that the expres- 
sions of power loss heretofore proposed are not com- 
pletely general, in that the influence of the travel of the 
space charge in its relation to the separation of con- 
ductors is not yet completely understood. 

5. The accurate vacuum tube voltmeter which has 
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been used for the study of wave form yields larger, 
clearer, and hence more accurate corona oscillograms 
than any heretofore recorded. 

6. The increased accuracy so obtained has shbren 
that many of the apparent irregularities in corona cur- 
rent waves may be due to irregular high-voltage wave 
forms and to local discharges in auxiliary high-voltage 
circuits. In this work, errors of this type have been 
eliminated. 
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7. Comparative studies of the oscillograms taken 
over a range of values of diameter (15 to 155 cm.) of 
the outer cylinders give much interesting information 
as to the influence of the space charges of opposite sign 
on the shape of the corona current waves. Particularly 
striking is the prominence of the conduction component 
of the corona current as large quantities of space charge 
reach the walls of the smaller cylinders. 

8. These effects of space charge are a'so readily 
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The voltage applied to the wire was changed suddenly 


traceable in the variations of the value of the corona 
current with frequency of the high voltage and with the 
cylinder diameter. 
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Discussion 


J. B. Whitehead: Dr. Waldorf has rendered a notable 
service in the care with which he has conducted his experiments, 
in the freedom from disturbing influences present in a number of 
the preceding cases, and particularly in the analysis he has made 
of the various phenomena that appear in his curves and his 
oscillograms in the matter of the travel of the space charge. He 
was unable to bring all of these things out in his short presenta- 
tion, but all students of corona will find his paper of very great 
interest and assistance. 

I am reminded in the discussion of space charge of some of my 
own early work on the electric strength of air, in which the actual 
motion of space charge was brought forcibly to attention, al- 
though at that time the importance of its influence on the po- 
tential distribution and the behavior of current and loss were not 
understood. If you use a small glass inside a metal cylinder, 
and put a small window in the eylinder, under proper relations of 
voltage and diameter, it is astonishing the force with which a 
draught apparently of air—obviously it isn’t a draught of air— 
comes out of the window. I made some measurements of the 
force with which the stream was driven against a, little hinged 
vane; it could be made to stand out towards the horizontal 
position under the impulse of the ion stream. 

I ask Dr. Waldorf what he thinks is the best method of mea- 
suring the critical corona voltage in those cases in which the 
space charge does not reach the outer cylinder. In all of my 
work I relied entirely upon the space charge reaching the outside 
electrode for the determination of the critical voltage, and 
reached the conclusion that it was an extremely accurate method. 

Ragnar Holm: (Communicated after adjournment) In 
this paper Mr. Waldorf refers to my treatise on the same subject 
published in the Archiv fiir Elektrotechnik (Vol. 18, 1927, p. 567), 
which is entitled ‘““Die Theorie der Wechselstromkorona an 
Hochspannungsleitungen.” -He compares the results of his 
observation with the results of calculations based on my formula 
and states that they do not agree. This ‘disagreement is rather 
surprising, and I have therefore taken occasion to check the 
calculated results. Evidently the error is due to a misinterpreta- 
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tion of the conditions under which the formula must be used, 
which Mr. Waldorf has made. 

Referring to page 578 of the previously mentioned publication, 
the following condition was stated: 

“Tn the ease of a wire along the axis of a cylinder, one must use 
E,/2, ¥ 2.L, and 2 W instead of £;, L, and W respectively.” 

However, Mr. Waldorf has not used the factor y “2for the 
second quantity. If he had done so, using the approximate 
formulas (8a) and (8b), the result would have been: 

L =13.4cem., W = 13.7 watts per foot 
assuming 2 D = 61 em., f = 50 cycles, Exy = 63.9 kv., and 
H,/2 = 23.9 kv. 

The value W = 13.7 watts per foot agrees exactly with the 
observed results for Exy— Ei/2 = 40 kv. taken from Fig. 5 of 
Mr. Waldorf’s paper. His calculated result was W = 9 watts 
per foot because the relation L = 13.4: v “2 was used. 

Furthermore, in Part Il Mr. Waldorf calculates for an excess 
of 6000 volts above the critical value in the 30.5-em. cylinder 

Dea 4 oem, 
and compares this value with a 12-cm. radius of an observed 
space charge. In this case he should have used my more exact 
formulas of §7. The quantity L: defined in § 6 and calculated 
from the formula 7d for 2 D = 30.5 cm.,f = 60 cycles, Hn 
= 27 kv.,and H,/2 = 21 kv. 
1s Ly = 12.7 em. 

I believe these two examples show clearly the source of the 
discrepancy between the observed results and the results as they 
were calculated from my formula. It is also clear that the 
formula yields a result which is in close agreement with the 
observed values. 


S. K. Waldorf: Answering Dr. Whitehead’s question, the 
solution to finding the corona starting voltage where the space 
charge does not extend to the opposite electrode was pointed out 
by the oscillograms early in the studies of corona. When the 
corona forms initially, there is a change in the wave form of the 
charging current of the wire, higher harmonies appearing. The 
appearance of these higher harmonics affords a means of corona 
detection, and I employed a rather simple apparatus for their 
detection and the consequent detection of corona formation. 
The essentials of this corona detector are given briefly in the 
description of apparatus and experimental method of the first 
section of my paper. I believe that this form of corona detector 
can be improved upon so that we can detect corona formation 
very readily with any spacing where it is possible to obtain a 
wave form of the corona current involved. 

The communication of Herr Holm is most valuable in point- 
ing out the cause of the apparent discrepancy between the mea- 
sured corona losses and those given in the curves calculated from 
the Holm formulas. The revised sample calculated values which 
he has given are truly remarkable in their agreement with the ex- 
perimental values, and establish the fundamental soundness of his 
quantitative analysis of the corona phenomenon. 
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Synopsis:—In the following pages electrical machinery 1s ana- 
lyzed from a new point of view. Analytical quantities like magnetizing 
current, armature reaction, leakage flux, transient reactance are not 
introduced; only such quantities are used as actually exist in the 
machine at one particular load. Thereby the theory of electrical 
machinery is expressed in terms of the minimum possible number of 
quantities. No hypothetical currents or fluxes are used and no actual 
physical quantity is left out. 

The concept of ‘‘free energy,’ 
troduced and generalized. 

The criterion of good design of all electrical machines is expressed 
by a constant, the ‘thermodynamic efficiency”’ which gives a measure 
of the effective utilization of tron and space for the transformation 
of energy. This constant plays a most fundamental role in the 
steady and transient behavior of the machine. 

A method is given by which the direction of flow of energy between 
different parts of any complicated machine can be easily read off the 
diagrams. 

The theory of constant-potential and constant-current electromag- 
nets is used as a stepping stone to show that the theory of the 
polyphase alternator is identical with the theory of the constant- 
potential polyphase transformer tf flux linkages and magnetomotive 
forces are interchanged. The circle diagrams of the transformer 
and the alternator are developed as well as the elliptical locus diagram 
of the alternator with salient poles. Problems in the sudden short 
circuit and the sudden load variation of the polyphase alternator 
are also solved. 

Blondel’s diagram for the circular locus of the synchronous motor 
ts derived in a more extended form together with rts elliptical locus 


* used in thermo dynamics, is in- 


Part I. 


I. THE CONCEPT OF FREE ENERGY 


N investigation concerning the energy stored in a 

body may be conducted along two different lines. 

The investigation may determine either (1) how 

the energy varies from point to point inside the body or 

(2) how the total energy possessed by the body varies 

from instant to instant. In the following pages the sec- 
ond type of changes will be studied. 

When the energy content of a body changes, the body 
is said to undergo a change of state. If after a change 
of state the body comes back to its original state it is 
said to have passed through a cycle. 

During a change of state a certain amount of energy 
comes from one part of the surroundings which will be 
called “source’’ and a certain amount passes out into 
another part of the surroundings which will be called 
“load.’”’ The departing energy will be called “work.” 

It will be assumed that no heat energy enters or de- 
parts and that the temperature remains constant during 
a change of state. 

In each state the body possesses a certain quantity 
of energy, which shows the ability of that particular 
state to do work. This quantity is called by Planck 
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with salient poles. The elliptical loci of the reaction machine and 
the synchronous converter are also developed. 

The circular locus for the polyphase induction motor, the single- 
phase induction motor, and the repulsion motor are derived. 

The method of attack used in the paper is applicable not only to 
circular and elliptical loci, but also to loci of higher curves. The 
method is used to develop the complete theory and locus diagram of 
the double squirrel-cage induction motor and the split-phase induc- 
tion motor with or without condenser (or the so-called condenser 
motor). 

Besides those mentioned above the writer has also developed with 
this method the loci of commutator machines, such as the polyphase 
induction motor with commutator rotor, the series-polyphase and 
the shunt-polyphase commutator motors, the compensated series 
motor, including the effect of the short-circuited brush currents, 
also the locus of induction motors in cascade and transmission lines. 
Due to the length of the article, however, their discussion does not 
appear here. 

All locus diagrams show the speed and the torque at all loads. 
They also show the magnitude and phase relation of all actual cur- 
rents, fluxes, and e. m. fs. 

A relation of the form r/x is found for the ratio of the work done 
to the free energy and this one simple formula is sufficient to find 
the locus diagram and the complete performance of all electrical 
machinery and transmission lines. It is the only formula used in 
the paper. 

In the appendix the relation of the design constants used to the 


constants of other methods is shown. 
* * * * * 


the “‘free energy”’ of that state; Gibbs calls it ‘‘thermo- 
dynamic potential.”” The “free energy” of a state is 
analogous to the “potential” of a point in a field, which . 
shows the ability of a unit electric charge residing at 
that point to do work. 

During a change of state (or during the motion of a 
charge between two points) the work done between the 
two states (or points) is equal to the decrease of the 
free energy (or potential). 

Careful distinction should be made between the total 
energy stored in the body and its free energy, its ability 
to do work. The free energy may reside in the body or 
partly in the surroundings or even entirely in the sur- 
roundings. The amount of work a body can do de- 
pends not only on the amount of energy stored in it, but 
also upon the amount which flows into the body from 
the surroundings while work is being done. 


II. ENERGY IN CONDENSERS 


To show the application of the idea of free energy, a 
charged condenser will be considered with a dielectric 
of small permittivity (specific inductive capacity). 
The change of state will consist of letting the lines of 
flux follow paths with different permittances. If the 
lines of flux start from a path with the minimum pos- 
sible permittance and passing through the path with 
the maximum possible permittance return again to the 
starting position, the state of the condenser passes 
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through a cycle. This state of change is possible if the 
dielectric can move freely in space. 

Two cases will be assumed: first, the condenser is 
not connected to a battery, and second, the condenser 
is connected to a battery. 

When the condenser is not connected to a battery, 
the charge and hence the number of dielectric flux lines 
has to remain constant during any possible change. 
When the dielectric is in the condenser, the flux Q fol- 
lows a path whose permittance c is a minimum, hence 
the stored energy is Q?/2 ¢min. This value is a maxi- 
mum. Let this value be plotted as A C in Fig. 1a. A 
force is exerted on the dielectric which moves out until 
the flux follows the path whose permittance is a maxi- 
mum. Let the ratio Cmaz/Cmin = k. In this state 
the stored energy is Q?/2 maz, Which is a minimum. 
Let it be represented by aline A B, where A C/A B = k. 
The total work done between the starting state and 
this state is B C. Since no more work can be done by 
the condenser, the free energy possessed by the con- 
denser at the beginning of the cycle is also B C. In any 
state D the energy stored in the condenser is A D, the 
work done is D C, the free energy is DB. AB cannot 
be utilized to do work. 

It can be seen that during the change of state the 
work done is equal to the decrease of free energy. The 
stored energy decreases while work is done and the 
free energy resides entirely in the condenser. 

The cycle is completed by carrying the dielectric 
back into the condenser. To accomplish this, work has 
to be done on.the dielectric, hence the free energy and 
the stored energy again increase. When the dielectric 
is in its original position, the work done on it was ex- 
actly equal to the work done by it. 

Hence, during the cycle point D describes a straight 
line, starting from C to B and back again. 

When the condenser is connected to a battery with 
constant electromotive force, during the change of 
state the number of flux lines does not remain con- 
stant, but increases in proportion to the increase of the 
permittance, since electromotive force = dielectric flux 
/ permittance = constant. When the dielectric is in 
the condenser, the lines of flux follow again the path 
whose permittance is a minimum, their number is 
the minimum possible and the stored energy is 
(Qmin)?/2 €mine Let this energy be plotted in Fig. 18 
as A B. When the dielectric moves out until the lines 
of flux follow the path whose permittance is maximum, 
the number of flux lines increases in the same ratio as 
the permittance. The stored energy is now (Qirze ey 
2 Cmar and this is k times as large as the energy at the 
beginning of the cycle. Let this value of energy be 
plotted as AC. Theratio AC/AB = k = Cmaz/Cmin- 

While work is done, the stored energy of the con- 
denser increases. The energy necessary to do work and 
to increase the stored energy comes from the battery. 
It is shown in text-books that the energy which comes 
from the battery divides into two equal parts. One 
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part becomes stored energy, the other and equal part 
becomes work. Hence, when the stored energy in Fig. 
1B is A D, the increase of stored energy is B D, which 
is also equal to the work done. The remaining part 
DC represents the energy which will appear later as 
stored energy, hence it is also equal to the work which 
the system is able to do in the future, that is to the free 
energy. A B cannot be utilized to do work. 

It can be seen that the free energy, the ability of the 
condenser to do work, does not reside now in the con- 
denser, but it resides entirely outside the condenser in 
the surroundings, that is, in the battery. 

Point D starts at point B and during a cycle moves 
along a straight line to C and back. 

At any point D the stored energy AD = Q?/2¢. 
Since the number of lines of flux, Q, is proportional to 
the permittance, c, therefore A D is also proportional to 
the total number of lines of flux linking the battery at 
that particular state. 

In both cases, with or without battery the maximum 
possible stored energy is A C, but the maximum pos- 
sible work done is B C. Hence the efficiency, 7 of the 
condenser to do work in both cases » = BC/AC = 
(A.C AB) LAC = (Crest Cia) Cnaz: 

Summarized, when no work is done, the free energy 

STORED ENERGY 
‘i (a) oar aroe flux) "WORK DONE 


STORED ENERGY D 
A B[-—— WORK DONE Free 1° 
ENERGY 
(b) — Constant,e.m.f. (or m.m.f.) 


Fig. 1—ENercy IN THE CONDENSER (OR IN THE HLECTROMAGNET) 


in both cases is B C. As work is done the free energy 
decreases and in both cases the work done is equal to 
the decrease of free energy. 


III. ENERGY IN ELECTROMAGNETS 


The conception of free energy can be applied to the 
constant-potential a-c. electromagnet and to the con- 
stant-current a-c. and d-c. electromagnets if the dielec- 
tric flux, Q, is replaced by magnetic flux, ©, the dielec- 
tric by a magnetic material, permittance, c, by per- 
meance @, and electromotive force EH, by magnetomotive 
force, I. (In the case of a-c. illustrations effective 
values should be understood.) 

The case where the condenser is not connected to a 
battery and has constant fluxes is analogous to the 
constant potential a-c. electromagnet where also the 
number of lines of flux linking the terminals remains 
constant (neglecting resistance). Referring to Fig. 1A 
at any particular point D the stored energy 
AD = #/2 6. Since = constant A D is propor- 
tional to1/@. Butm.m.f. = ®/@, that is the current 
is also proportional to 1/@, hence AD, the stored 
energy, represents also the current taken by the magnet. 

The case where the condenser is connected to a 
battery and has constant electromotive force impressed 
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upon it is analogous to the constant-current a-c. or 
d-c. electromagnet where the m.m.f. is constant. 
Hence during a change of state (during a stroke) the 
number of lines of flux is proportional to the permeance 
and also proportional to the stored energy (A D in 
Fig. 1B). 

Since the reactance of the winding is proportional to 
the permeance of the flux-path, the reactance of the 
magnet varies between two extreme values, X,,., and 
X mine The efficiency of the electromagnet in both cases 
Nine (Cmax — Pan) f Oradea = (Xmaz — NG anaes 

It can be seen that in the constant-potential electro- 
magnet the current decreases as work is done, while in 
constant-current electromagnets the flux increases as 
work is done. In both cases the work done is equal to 
the decrease of free-energy. 


The Flow of Generalized Energy 


IV. THE Two TYPES OF ENERGY 


In order to treat the oscillating character of energy 
during one a-c. cycle as a continuous flow of energy two 
hypothetical powers are introduced. It is assumed 
that at each instant during a cycle two types of power 
enter the load, the “‘active’’ power, E' J cos @ and the 
“reactive” power, H I sin @. The active and the re- 
active powers can be represented at right angles to 
each other and their geometrical sum represents the 
total “‘apparent’”’ power entering the load. 

In order to treat the continuous flow of energy as a 
steady state, it will be assumed that with a given J and 
& two types of energy are stored in the load. Oneis the 
“active” energy, ®J sin @ and is stored in a resistance, 
the other is the “reactive” energy, @J cos 0 and is 
stored in a reactance. These two energies can be rep- 
resented at right angles to each other and their 
geometrical sum gives the total “apparent” energy, 
& J stored in the load. It will be assumed that a given 
value of J and # define a definite state and a change of 
state will consist either in a change of J or in a change 
of 4, 


V. THE GENERAL TRANSFORMER 


An ideal slip-ring induction motor will be assumed 
which can be used either as a stationary polyphase 
transformer or a uniformly rotating polyphase alter- 
nator when one winding is excited from a d-c. source. 
The stator winding will serve as a place where energy 
enters from the source and will be called primary, the 
rotor winding will serve as a place where energy enters 
the load and will be called secondary. The space sur- 
rounding the two windings will represent the medium in 
which energy is stored and which will be subjected to a 
cycle. The resistances of the windings will be neglected. 

In case of the condenser and the electromagnets a 
change of state was represented by compelling the lines 
of flux to follow paths with different permeances. The 
change was effected by moving a piece of magnetic or 
dielectric material in the path of the flux lines. In 
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this machine it will be assumed also that a change of 
state will occur if the flux lines linking the primary fol- 
low paths with different permeances. But this change 
of state will be regulated not by a moving piece of 
magnetic material but by varying the current in the 
secondary, that is by varying the load. 


VI. ENERGY IN THE TRANSFORMER 


First let it be assumed that the machine is working as 
a transformer. Let constant flux link with one of the 
phases of the primary. This constant flux, sinusoidally 
distributed in space, may assume any position between 
two extreme values. One extreme occurs when the 
impedance of the load is infinite, that is when the 
secondary is open. In that case the flux follows the 
path of maximum possible permeance, @maz (Fig. 
2A) and the stored energy is ©2/@maz. The other ex- 
treme occurs when the impedance of the load is zero, 
that is when the secondary is short-circuited. Since 
no lines of flux can now link the secondary, no lines of 


Fig. 2—ActruaL FLUXES IN THE TRANSFORMER 
(a) Open circuit 
(b) Short circuit 


flux can follow the iron path around the secondary, 
consequently the flux-lines have to follow the path of 
minimum possible permeance (Fig. 2B). The stored 
energy is the maximum possible and is equal to ©2/ P nin. 

Let again the minimum stored energy be plotted as 
AB (Fig. 3A) and the maximum stored energy as A C. 
Again A B is proportional to @,,i,and A Ct0 maz 

Since reactance is proportional to the permeance of 
the path of the flux-lines, at short circuit the machine 
has a minimum possible reactance, Xsu, at open circuit 
it has a maximum possible reactance, X,. With a 
variation of load the reactance of the machine varies, 
but only between these two values (in case of positive 
loads). 

The constant flux will be subjected not only to a 
change of state, but also to a complete cycle. The cycle 
will consist of letting the lines of flux pass from the path 
of minimum permeance (short-circuited secondary) to 
the path of maximum permeance (open secondary) and 
back to the path of minimum permeance. This change 


; 
4 
, 
| 
/ 
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is effected by letting the impedance of the load pass 
through a cycle of change from zero to positive infinity 
and from negative infinity through negative values 
back to zero. 

In this load cycle while the impedance of the load 
varies from zero to positive infinity, the amount of 
energy which disappears from the machine into the 
load is BC (Fig. 3A) and while the impedance of the 
load varies’ from negative infinity through negative 
values to zero, energy returns to the machine and the 
same amount BC comes back which has departed. 
Between short circuit and open circuit the energy dis- 
appeared B C, or the work done is equal to the decrease 


; STORED ENERGY D 
FREE ENERGY ORK DONE! ° 


(a) — Reactance load 


Resistance and capacity load 


Fic. 3—Eneray DIAGRAM OF THE TRANSFORMER 


of free energy, consequently BC is the free energy of 
the system at short circuit. 

During the load cycle the work done can be stored 
either in a reactance or in a resistance, or in a combina- 
tion of the two. First it will be assumed that the load 
consists of a reactance. 


As the reactance of the load increases, the current 
in the secondary decreases, the lines of flux pass into 
paths with higher permeances and the stored energy 
decreases. The energy disappeared is assumed to be 
stored in the reactance. This energy has disappeared 
from the machine at the expense of the free energy. 
Since the free energy before its disappearance is stored 
in the magnetic field as a reactive energy, after its 
disappearance from the machine is still stored as a re- 
active energy, therefore the energy disappeared, the 
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work done, and the free energy are always in phase with 
each other, angle B D C in Fig. 3A is 180 deg. and the 
locus of point D is the horizontal line. 

While the reactance of the load varies from zero to 
positive infinity, point D moves from C to B along the 
horizontal line and while the load varies from negative 
infinity through negative values to zero, point D moves 
from B through A along the horizontal line to negative 
infinity, then from positive infinity still along the same 
horizontal line back to C completing a cycle. 

When the load is a resistance, the work done is stored 
as an active energy. This energy has disappeared from 
the machine again at the expense of the free energy. 
Since the free energy before disappearance is stored in 
the magnetic field as a reactive energy, after its disap- 
pearance from the machine is stored in a resistance as 
an active energy, the energy disappeared, the work 
done, and the free energy have to be represented at 
right angles to each other (Fig. 3B). 

As the resistance of the load increases, the work done, 
CD increases, the free energy, B D, decreases, but the 
angle between them has to remain always 90 deg. 
Hence the locus of point D is a circle with its center on 
line BC. When the resistance is positive infinity or 
negative infinity (these two values being equivalent) 
point D is at B. With negative resistance it arrives 
back at its starting point C, completing a cycle. 

When the load is divided between a resistance and a 
reactance whose ratio remains constant, the lines rep- 
resenting the work done and the free energy have to be 
at a constant angle a less than 90 deg. from each 
other, hence angle B DC is 90 deg. + a (Fig. 3c) and 
the locus of point D is again a circle passing through 
points B and C with center below the horizontal line. 

With a load partly resistance and partly capacity 
(negative reactance) angle B DC is less than 90 deg. 
(Fig. 3p) and the center of the circle lies above the hori- 
zontal line. With a pure capacity load point D starts 
at C toward positive infinity and from negative infinity 
through point B comes back to C. Point D travels in 
opposite direction as in the case of a pure reactance 
load. The straight line is of course a circle with in- 
finitely large radius. 


VII. ENERGY 1N THE ALTERNATOR 

The only difference between a constant-potential 
transformer and an alternator is that the transformer 
has constant flux linking the primary, while the alter- 
nator has constant magnetomotive force in the primary. 
The case of the constant-current electromagnets is 
parallel to the case of an alternator. 

In the alternator, when the secondary is open (Fig. 
4a) the flux linking the primary follows the path of 
maximum permeance and when the secondary is short- 
circuited (Fig. 48) the flux follows the path of minimum 
permeance. The number of lines of flux is proportional 
to the permeance, since the m. m. f. remains constant, 
hence at open circuit the number of lines of flux is a 
maximum possible, the stored energy is (®naz)?/Pmaz- 
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At short circuit the permeance of the flux path is mini- 
mum, the number of lines of flux is the minimum pos- 
sible, and the stored energy is (®min)?/@mine The ratio 
(maximum stored energy)/(minimum stored energy) 
= Oniaot Onin = Dinaal Omen = k. 

Let it be assumed again that the impedance of the 
load passes through a cycle. When the impedance is 
zero, the secondary is short circuited and the minimum 


(b) 


Fig. 4—Actuat FLUXES IN THE ALTERNATOR 
(a) Open circuit 
(b) Short circuit 


stored energy is A B (Fig. 5A). As the impedance in- 
creases, work is done and the stored energy increases. 
Here also the increase of the stored energy is equal to 
the work done, while the work done is equal to the 
decrease of free energy (Fig. 1B). 

If the load is for instance a resistance, the work done 
has to be at right angles to the free energy just as in 
case of a transformer, and the locus of point D is again 
a circle (Fig. 5B). 

The differences between Fig. 3, which refers to a 
transformer and Fig. 5, which refers to an alternator, 
are the following. 

1. The lines for free energy and work done are 
interchanged. 

2. In Fig. 3 point D starts at C, in Fig. 5 it starts 
at B, both at the short-circuit point. 


The Generalized Vector Diagrams 


CONNECTIONS BETWEEN THE ENERGY AND THE 
FACTORS OF ENERGY 


When the transformer is short circuited no lines of 
flux link the secondary. As work is done, some of the 
flux lines pass around the secondary and give up their 
free energy. Since each line of flux (or tube of flux) 
possesses the same amount of energy before linking the 
secondary and it also possesses the same amount after- 
ward, the work done by each line of flux is the same, 
hence the work done is proportional to the number of 
lines of flux linking the secondary, ®». 

As the secondary current of the transformer increases, 
it tends to produce flux. It can not send any flux 
through the primary winding, since the primary flux is 


VEL: 
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constant, it sends flux through the path having a per- 
meance Pin” (Fig. 64). The number of lines thus pro- 
duced is proportional to Iz, Since these lines combine 
with the lines already existing there, the resultant 
lines of flux appear as if the flux lines have been shifted 
from a path with maximum permeance to a path with 
minimum permeance (Fig. 6B). The number of flux 
lines thus shifted is proportional to I». 

It has been seen above that when a flux line passed 
around the secondary it has lost its free energy. Hence 
when a flux line is shifted due to the increase of I, it 
acquires the same amount of free energy it has lost. 
Since the total free energy is proportional to the num- 
ber of lines shifted, the free energy is also proportional 
to I Qe 

Hence in Fig. 7A the work done, C D is proportional 
to &, and the free energy B D is proportional to I. 
Since ®, is constant, it can be represented by A C while 


STORED ENERGY D 
A BF—WORK DONE C 
FREE ENERGY 


(a) L 


Fig. 5—Enerey DiaGRaAM or THE ALTERNATOR 


(a) Reactance load (c) Resistance and reactance load 
(b) Resistance load (d) Resistance and capacity load 


the stored energy A D, which is equal to I, 4;, is pro- 
portional to J;. 

Similarly in the alternator diagram (Fig. 7B) the work 
done B D is proportional to 4, the free energy DC to 
I,. Since I, is constant, it can be represented by A C 
while the stored energy, A D which is equal to J; ®;, is 
proportional to 4. 

It can be seen that the energy diagrams of both trans- 
former and alternator represent also the actual flux 
linkages and magnetomotive forces existing at any 
load. The scales will be determined below. 


Reonparins Figs. 7a and 7B, it is tied that the 


, and ®, are interchanged. Hence it can be concluded 
that the theory of the polyphase alternator is identical 
with the theory of the polyphase transformer, except flux 
linkages and m.m. fs. are interchanged. 

It is interesting to note that for both the alternator 
and the transformer the four lines represent the phase 


| Fic. 6—FLUXES IN THE TRANSFORMER 

> a: (a) Component fluxes 

7 (b) Actual fluxes 

relations of the four actual measurable physical quanti- 
ties not only in time, but also in space. For instance, if 
‘in Fig. 7B line A C represents the axis of the field pole, 
Bi angle between I, and &; represents the space etal 


; 


Fic. 7—Tun GENERALIZED ‘VEctor DIAGRAMS 
(a) Transformer A 
©) Alternator 


_ ras . 


lines representing J, and 4,, also the lines representing — 


>i vy 
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of both the alternator and transformer is the same as 
the efficiency of an electromagnet. 
fe (Omaz — Cees = (X.— en) Ne 
This constant 7 is the most important characteristic 
of all electromagnetic machines. It shows how much 
of the maximum possible stored energy is free energy. 


IX. THE SCALES OF THE VECTORS 


To find the scale for ©. let the case be considered 
when the machine is open and point Dis at B. At open 
circuit the flux linking the secondary is less than the 
flux linking the primary. Let at open circuit 6. = %, 0’, 
where v’ is less than unity. At open-circuit CD = 7 %, 

= 72/0’. Ifn/v’ = 0” thenC D = 40". 

Let B D = I.v and let one a-c. cycle be considered, 
that is the time while the applied voltage varies from 
zero through positive and negative maximum back to 
zero. During one a-c. cycle the amount of energy which 
did not return to the source = (4; /,) sin C A D = twice 
the area A C D = (®, I.) sin BDC = (C D/2") (B D/2) 


 sinBDC = 1/v’v times twice the area BDC. Since 
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area A C D = 7» times area B DC, therefore 1/v"v = 7, 
from thisv = 7/v” = 0’. 

Hence to determine the complete performance of the 
transformer or alternator one has to know the open- 
circuit reactance X» (or Pmaz), the short-circuit reac- 
tance Xsu (Or min), and the ratio of the secondary and 
primary voltages at open circuit v’. From these 

n = (Xo— Xsu)/X,and v” = »/v’ 

In the following pages the scale on the diagrams will 

not be shown pasa Steet 


ul 


eS 
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quantities of the transformer. If A’C = DC/v" it is 
equal to ®,. If A’ His drawn parallel to D A and A’D’ 
to D B, then it can be assumed that instead of A D line 
HA’ represents J, and then A’D’ = 1,0’. If A H’is 
drawn parallel to D’A’ then AC = D’C/v’ hence 
AH’ =I. 

The four heavy lines represent the four actual physi- 
cal quantities in their proper magnitude and phase 
relation. (If fluxes and currents are interchanged, the 
four quantities of the alternator are found.) 

Starting from the four lines representing the actual 
quantities, two different diagrams can be derived. If 
the e. m. f. is impressed on the primary, then point D is 
selected as the common meeting point of three lines. 
If the e. m. f. is impressed on the secondary however, 
then point D’ has to be assumed as the common meet- 
ing point and then the four lines determined by points 
A’ B’C’ D’ represent the transformer diagram (where 
D’ B’ is parallel to A D). 

Two things can be observed if the e. m. f. is im- 
pressed in the secondary. First, that » = B’C/ A’C 


= BC/AC, that is the thermodynamic efficiency is ° 


the same no matter which side the e. m. f. is impressed. 
Second, that v” is the ratio of the primary and the sec- 
ondary e. m. fs. at open circuit. 

It is proved in textbooks that if in any complicated 
circuit a generated e. m. f. and an ammeter are inter- 
changed, the reading of the ammeter does not change. 
(It is the so-called Theorem of Reciprocity.) Hence 
the short-circuit current in the secondary with ane. m. f. 
in the primary is equal to the short-circuit current of 


the primary with the same e. m. f. in the secondary. . 


Hence if the e. m. f. is impressed on the primary, then 
AC = (Iz)su/v". If the e. m. f. is impressed on the 
secondary then A’C = (I1)sx/v". Since (I1)sx = (I2)sn, 
ACw =A'Cw or AC/A’EC =0 0. BUA 
= EB imp/Xss' and A’C = Eiimp/Xsu” therefore Xsu"/Xsu’ 
= »'/v", Similarly X,.”/X,’ = 0'/v’. 

Summarized, the performance of any electrical ma- 
chine can be predetermined if any three of the four 
limiting reactances X,’, Xo", Xsu’, Xsu” are known. 

This is a particular case of a more general principle 
which states that the performance of any complicated 
circuit (transmission system) can be found if the open- 
circuit and short-circuit impedances measured from 
the source and from the load are known. 


XI. THE REACTANCES UNDER LOAD 


a. From the Secondary Side. In the transformer 
the total resultant flux linking the primary is always 
constant. If energy is sent from the load towards the 
primary, no additional flux can link the primary, but 
additional current can flow through the primary. That 
is the primary behaves with respect to the secondary as 
if it were permanently short circuited. Hence the re- 
actance of the transformer from the secondary side is 
always (Xsn”). 

In the alternator the total current flowing through 
the primary is always constant. If energy is sent from 
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the secondary towards the primary, no additional cur- 
rent can flow in the primary, but additional flux can 
appear at the terminals of the primary; that is, the 
primary behaves with respect to the secondary as if it 
were permanently open circuited. Hence the reactance 
of the alternator from the secondary side isalways (X.”). 
b. From the Primary Side. In case of positive loads 
(resistance and reactance) the reactance of the machine 
varies between the limiting reactances Xsu’ and X,’. 


XII. THe GENERAL LOAD-FORMULA 


It has been shown in connection with Fig. 6A that in 
a transformer J, sends flux through the path having a 
permeance Pin”. The number of flux lines so produced 
(or the e. m. f. induced by them) is equal to J, Xsx”, 
which is also equal to the number of lines shifted and to 
the free energy. The flux lines which are not shifted 
appear as the secondary terminal-voltage, ®, and their 
number is equal to I, Z:, where Zx is the impedance of 
the load. It is also equal to the work done. Hence 
(work done) /(free energy) = I, Z1/Ip Xs” = Zi/Xsu". 


Fig. 9—RESISTANCE AND Reacrance Loap 


(a) Loads in series 
(b) Loads in parallel 


Applying similar reasoning to the alternator, 
(work done) /(free energy) = Z1/X.”. 

These are the only formulas which will be used in the 
article. 


XIII. SpEcIAL CASES OF LOADS 

(a) In case of short-circuits Z. = rz and the alter- 
nator short-circuit current is determined by the point 
where D B/D C = 12/X.” (Fig. 7B) and the transformer 
short-circuit current is determined by the point where 
D C/D B = 12/Xsx". (Fig. 7A.) DC is perpendicular 
to DB. 

(b) The load may consist of any combination of 
resistances and reactances. Let two simple cases be 
considered, a resistance and reactance in series and in 
parallel. 

_YWhen in a transformer a resistance load is in series 
with a reactance load, the same I flows through both of 
them, while the total secondary terminal voltage is 
divided between them. In Fig. 9A, D F is the voltage 
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across the resistance, F C across the reactance and they 
are at right angles to each other. Since DF repre- 
sents the energy which disappeared in the resistance, 
DF has to be at right angles to the free energy B D, 
while FG must be parallel to BD. It can be also 


Locus of F2 


Fig. 10—Locus D1aGRAM OF THE ALTERNATOR 


stated that DF/DB = R:/Xsx" also FC/DB = 
X1/Xsu” and DC/DB = Zi/Xsu’. 

When the load consists of a resistance in parallel with 
a reactance, the same voltage #2 is applied to both of 


Fra. 11—Locus D1aGRaM OF THE CONSTANT PorTENTIAL 
TRANSFORMER 


them but I, divides between them (Fig. 9B). One 
part D F flows through the resistance, it is 90 deg. from 


&,, while F' B flows in the reactance and is parallel to 2. . 


The two currents are at right angles to each other. 
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Here also DGD - Ri/Xsu", DC/FB = X1/Xsx" 
and DCIDB = Zx/Xsu’. 

Similar relations hold true for an alternator, except 
Xsu” is replaced by X.”. 


Influence of the Boundary Conditions 


XIV. EFFECT OF THE SECONDARY RESISTANCE 


The total resultant secondary flux, DB of the 
alternator (Fig. 10) can be divided into two parts. 
One part, D F, represents I, 72, it is always perpendicu- 
lar to I, and F D/DC =12/X.’. The other part, 
B F is the secondary terminal voltage PF». 

In the vector diagrams of the paper voltages are not 
represented, but fluxes producing those voltages. 

At constant power factor the angle between F’: and 
I, remains constant and the locus of point G is a circle 
with center at G’. The loci of points D and F are also 


Fia. 12—Errect or Primary IMPEDANCE 


(a) Resistance (b) Resistance and capacity 


circles with center at D’ and F’. Point F’ lies on the 
vertical line through G’ and D’ F’/D’C = 12/X.’. 

If F. is plotted against I., the so-called Oelschlager- 
Ellipses are found. 

In case of the transformer (Fig. 11) the reasoning is 
similar except D F/DB = 12/Xsu". 

The scale for F> and I. rz is the same as for 2, that 
is Cr. = F 9 OMe : 

XV. EFFECT OF THE PRIMARY IMPEDANCE 

Let current OA (Fig. 12a) flow in a circuit with 
impedance Z1, whereO A = Eimp/Zi. If the resistance 
alone had existed in the circuit, then the current which 
would flow through the resistance would be the diameter 
OG of the circle through O and A with center on 
Emp. ThatisOG = Eimp/Rx. If the reactance alone 
had existed, the current through it would be the di- 
ameter of the circle through O and A with center on a 
line at right angles to Limp. ThatisOF = Himp/Xv. 

An investigation will be made of how the current 
changes if an impedance Z; is placed between the load 
and the terminals. : 

With the introduction of Z, the apparent energy 
OA stored in Z: is divided into two parts. One part 
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A B is stored in Z; the other part B O is stored in Z:. 
Hence A B/B O = Z,/Zxand the current is O B. 

First it will be assumed that Z, is a resistance 7. 
Point B can be constructed the following way. 

1. Draw circle through O and A with center on OF 

2. Find the image of point A as C where A D = DC 

8. Plot the current E'im,/r1asO H 

4. Connect point C with H 
Point B lies at the intersection of the circle and line C H. 

Angle BAO = angle BCO and angle OBA = 
angle HOC since they are drawn over equal arcs. 
Since OC = Eimp/Z. and OH = Eimp/7: therefore 
OC/OH = 11/21, hence A B/B O = 1;/Z:. as required. 

Angle H OB = angle OC B since both are drawn on 
the same are O B, hence triangle H O B is similar to 
HCO and HC/H O = HO/HB. In Projective Ge- 
ometry such a point as B is called the ‘‘inverse”’ of point 
C with the “center of inversion” at point H and with a 
“constant of inversion” O H. 

If instead of a resistance an impedance Z, is put in 
series with the load, the steps for finding point B are the 
same as with a resistance, except instead of the current 
E/r; the current E'/Z, has to be plotted in its proper 
phase relation to the impressed e. m. f. (Fig. 12B) and 
also the axis O F is at right angles to the current E/Z;. 

If the locus of point A is a circle, its image is also a 
circle, the inverse of the image is again a circle. Hence 
to find the new locus it is sufficient to find three points 
on the inverse circle. The quickest way is to find the 
inverse of the two points B and H (Fig. 11) lying along 
the axis by drawing B H and HE then erecting per- 
pendiculars to these lines from point A. If the image 
P’ of the center of the circle P is found, the center of the 
inverted circle lies along line H P’. 

If the locus of point B is not a circle the inversion has 
to be made for each point. 

If not only the current O B flowing in the circuit is 
known but all the other currents and fluxes existing 
among the different parts of the circuit, then with the 
introduction of Z; every other quantity changes its 
magnitude and direction in the same ratio as O B. 


XVI. 


In case of the constant potential transformer with 
the introduction of the primary resistance the four 
points B C D F (Fig. 11) change to B’ C’ D’ F’ keeping 
their relative magnitude and phase relation. Hence 
after the introduction of r, A C = impressed e. m. f., 
CC’ =I1n, AC’ = the total resultant flux linking 
the primary, ete. 

It should be noticed that CC’ (I: r:) is perpendicular 
to A D’ (I,) and CC’/A D’ = 1r:/Xsu’. All the lines 
D’B’ (Iz) pass through point K which lies at the inter- 
section of the inverse:circle and line A H”, where point 
H’ is the inverse of point H. 


THE TRANSFORMER WITH PRIMARY RESISTANCE 
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Special Problems of the Alternator 


XVII. THE SALIENT-POLE ALTERNATOR 
WITHOUT SECONDARY RESISTANCE 


Since the four-line diagram represents the actual 
existing m. m. fs. and flux linkages not only in time but 
also in space, this suggests that if the space has different 
permeances in different directions, by reducing the flux 
linkages proportionally in those directions the diagram 
must represent the actual state of affairs in case of non- 
uniform air-gap permeances also. 

The axis at right angles to the poles will be called the 
cross axis. It will be assumed that out of the four 
limiting reactances belonging to the cross axis, one, 
X,” is known. All quantities belonging to the cross- 
axis have a subscript ( ). while the quantities of the 
main axis (field-pole axis) have a subscript ( )m. 

Since the primary along the cross axis has no winding 


Fig. 13—Locus Diacram oF THE ALTERNATOR WITH SALIENT 
POLES, WITHOUT SECONDARY RESISTANCE 


the only flux existing at right angles to the field pole is 
caused by the m. m. f. of the secondary. 

At a certain load let [2 (0’)m = CD (Fig. 18). With 
a uniform air-gap ®» (0) m = BD. Them.m.f. acting 
along the cross-axis is H D/(0’)m, the secondary flux 
linkages along the cross axis are H D/(v")m. If how- 
ever, (Pmaz’)c/(Omaz’)m = pless than unity, then the 
cross-component of 2. is decreased in the same ratio, 
that is 62 (v’), = B F instead of B D, where F H/D H = 
(Omaz’ Jef (Omaz dm = Xe Je] Com); =D. 

Hence if the power-factor of the load is given and fr; is 
neglected, the angle between #, and J, angle B K Cis 
constant, the locus of point K is a circle as before, while 
point D and F divide the vertical line in a constant 
ratio p. Their loci are ellipses passing through points 
£ and C. 

. The steps for the construction of the ellipses are the 
ee . First draw the original are C K B and any 
vertical line H’ D’. Then 

1. Assume any line B BE. 

2. DrawlineC K D. 
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_3. Measure on line H’ D’ the distance F’ D’, where 
F’ H'/D!' H! = p = (Xo")c/(Xo")m 

4. Drawline B D’ D. 

The intersection of B D’ and C K determines point D. 

The intersection of the vertical line DH and BK 
determines point F’. 

The cross component of ®, can be found by con- 
sidering that (41). = (®2). (0")« Since FH = 


Fig. 14—Locus DraGraM OF THE ALTERNATOR WITH SALIENT 
PoLzes 


(£2). (v")m therefore MH = (42). =F H/(0")m and 
GH = MH(e"). = (2)c(W")e = (61). = F H0v")/0") ms 
Hence point G divides H F in a constant ratio and its 
locus is also an ellipse. 


XVIII: 


Locus OF THE POLYPHASE ALTERNATOR 
WITH SALIENT POLES 


If the vector diagram is plotted in Fig. 14, 2: = BF 
can be divided into FL = L212, which is perpendicular 


Short circuit 


Inv" 


re te ti ne D: 


Ty. 
(c) 


Fig. 15—SuppEn SHorT CIRCUIT OF ALTERNATORS 


(a) Open circuit (b) Permanent short circuit 


to In = CD, where FL/DC = 1/(X.") and into 
F. = BL. If the power factor of the load is constant, 
the angle between F, and J; remains constant and the 
locus of point K is a circle, while the loci of points D, F, 
and G are ellipses. 

The steps for the construction of the three ellipses are 


KRON: GENERALIZED THHORY OF ELECTRICAL MACHINERY 


675 


the following: First draw the circle through B K C, 
then 

1. Assume any line C K 

2. Draw KB and the vertical line K M 

3. Find point N so that N M/K M = (X0")c/(Xo")m 
_4. Draw NP perpendicular to CK so that 
NP/KC = t3/(Xo')m 

5. DrawlinesC N F andC PL 

6. From point L draw perpendicular to CK 

7, Through F draw the vertical line FD 

8. Find point Gso that G H/F H = (v")-/(0")m. 


XIX. SUDDEN SHORT CIRCUIT OF ALTERNATORS 


The case will be considered when an open-circuited 
alternator is suddenly short circuited. 

When it is suddenly short circuited, the flux lines 
linking the primary and secondary cannot change in- 
stantaneously, but the m. m. fs. of the primary and 
secondary can. Since at sudden short circuit ‘the ex- 
isting ®, is A C/A B = k times as large as it should be 


Fig. 16—Vecror DiaGRAM OF THE ALTERNATOR WITH SUDDEN 
LoaD VARIATION 


(Fig. 15) the primary m. m. f. has to change suddenly 
with the sameratio k from A C to A D. 

That is the sudden short-circuit diagram is the same 
as the permanent short-circuit diagram with the follow- 
ing reservations: ; 

1. The field m. m. f. J; increases in the ratio 
AC/AB = (Actual #;)/(Permanent $1) = Pmaz’/Pmin’ 

2. There is a superfluous ©. left in the alternator 
which slowly disappears while the whole diagram ACD 
shrinks to its permanent size A B C. 

That is the field m. m. f. increases with the ratio 
(short circuit current) /(open circuit current) if used as 
a transformer, or with @naz’/Omin’ Or Xo’ /Xsux! while 
the secondary m. m. f. increases from zero to Iv". 


XX. SUDDEN LOAD VARIATION OF ALTERNATORS 


At a certain load let the alternator diagram be 
A BCD (Fig. 16) and let the load change suddenly to 
such a value that after equilibrium is established the 
alternator diagram is A B C D’. 

Again it is assumed that the flux linkages cannot 
change suddenly, only the m. m. fs. 

Since ®, is larger than it should be by A D/A D’, 
therefore the primary m. m. f. J; changes suddenly in 
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the same ratio and phase-displacement from AC to XXII. THE SYNCHRONOUS MoToR WITH SALIENT 


AC’ where A C’/A C = A D/A D’ and angle D A D’ POLES 

= angle C’AC. Izv’ changes from DC to DC’ just Let the vector diagram of an alternator with salient 

as in case of sudden {ee p: poles be plotted in Fig. 18. If it is assumed that F2 is 
While point D moves to D’, point C’ moves toC when ¢onstant the locus of point L is a circle while points 

equilibrium is established. F and D move so that FH/DH = (Xo")c/(Xo")m 


F L/DC = r2/(Xo")m and F Lis perpendicular to DC. 
The loci of points D, F, and G will be ellipses. 
The steps for the construction of the ellipses are the 


Ep 


Fria. 17—Locus DiaGram oF THE SyncHRONOUS Motor 


(The writer has no means of checking the correct- 


ness of this reasoning, except one particular case, the Tig: 19-LLocudtDitena Sere Rene ereaen 
sudden short circuit from open circuit when point D 
moves from C to B.) following: First draw the circle and any vertical line 


MN. Then 

1. Assumeany lineC N 

2. Find point K sothat K M/N M = (Xo0")-/(Xo")m 

3. DrawlineC K 

4. Draw KP perpendicular to NC so that 
K.PIN C =2t3/ oe 

5. DrawlineC P L 

6. From L draw a perpendicular to N C 

7. From point F draw the vertical line H F D 

8. Find point GsothatG H/F H = (v")c/(0")m 


Fie. 18—Locus Diagram or THE SyncHRONOUS MoToR wITH 
SALIENT PoLEs 


Part II. Synchronous Machines 


XXI. THE SYNCHRONOUS MOTOR Fria. 20—Locus D1acram or THE SYNCHRONOUS CONVERTER 
Let the vector diagram of the alternator be Fig. 17. 
If it is assumed that F’: is constant and J, is stationary, XXII. THE REACTION MACHINE 
then the loci of points F and D are circles. If it is assumed that the excitation of a synchronous 


The diagram will be more familiar if instead of keep- motor with salient poles, A C (Fig. 18) is zero, the loci 
ing I, stationary F, is kept stationary and J, isrotated of points D and F are again ellipses, (Fig. 19). The 
around point B. The locus of point C is a circle and angle between J: and 4. shows that torque is exerted 
that of D’ another circle with center at H where by the rotor at all positions except when %, is along the 
HF/HB = 1r2/X.". field axis or at right angles to it. 
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XXIV. THE SYNCHRONOUS CONVERTER 


If brushes are put on a synchronous motor along the 
cross axis, the difference of potential appearing be- 
tween the brushes is always equal to the component 
of , along the main axis, BH (Fig. 18). If current is 
taken out through the brushes, only that component 
of the rotor current can pass out which is in line with 
the brushes, that is H D. The actual current flowing 
in the rotor is C H, the actual & is B H and always lies 
along the main axis. The locus of point D is again an 
ellipse (Fig. 20). 


Induction Machines 


XXV. MACcHINES WITH SHORT-CIRCUITED 
SECONDARIES 

In the induction machines two separate phases will be 
considered to exist at right angles in space. One of the 
phases will be called main phase and all quantities be- 
longing to it will have the subscript ( )m; the other will 
be called cross phase and its quantities will have the 
subscript ().. 

In the synchronous machines it has been assumed 
that the total resultant secondary flux, . divides into 
two parts. One part represents the resistance drop in 
the secondary, I. 172, the remaining part represents the 
terminal voltage, F2. In the induction machines the 
secondary is permanently short circuited and (@2)m 
divides again into two parts. One part represents 
IT. r2, the remaining part represents a voltage generated 
in the secondary due to its rotation through a flux 
(®2), linking it at right angles in space. The magnitude 


) 
In one phase Between phases 


Fic. 21—Drrection or THE FLtow or ENERGY 


of this generated e. m. f. is ($2). * rev. per min. and is 
represented on the diagram always at right angles to 
Cs 
XXVI. DIRECTION OF THE FLOW OF ENERGY 
The angle between ®, and I, shows the relative mag- 
nitude and the direction of flow of the two types of 
energies between the machine and the load. 


This relation can be generalized and stated that in| 


any vector diagram the angle between any flux line and 
any current line shows the relative magnitude and the 
direction of the energies flowing between the circuit of 
the current and the space in which the flux resides. 

If the current and the flux reside in the same phase, 
Fig. 214 should be consulted. The position of the 
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current is assumed as a standard of reference and the 
flux is assumed to occupy different angles. The nota- 
tion @>J represents energy flowing from the space 
where ® is stored toward the circuit in which I flows. 
When the angles are multiples of 90 deg. only one type 
of energy flows. When ® occupies some intermediary 
position between two perpendicular lines, both pro- 
cesses represented by the perpendiculars occur between 
®@and I. 

If the current and the flux reside in different phases, 
Fig. 218 should be consulted which is similar to Fig. 214 
except the reference current is shifted 90 deg. 

The knowledge of the direction of the flow of energy is 
especially important in variable-speed machines be- 


Fie. 22—Locus DiaGRAM OF THE PoLYPHASE INDUCTION Moror 
WITHOUT PRIMARY RESISTANCE 


cause those speeds, where the flow of energy changes 
direction, have special importance. 


X XVII. THE PoLYPHASE INDUCTION: MOTOR 


A two-phase motor will be assumed, in which the 
phases are identical in every respect. Since the im- 
pressed e. m. fs. are 90 deg. out of phase, to each flux 
and current in one phase corresponds an equal current 
and flux in the other phase but displaced 90 deg. in time. 
When in Fig. 22 (®:)» = DC then (#), = DK itis 
equal to D C but lags 90 deg. 

(®2), can be divided into two parts. One part 
DF = Io 1, it is at right angles to J, and DF/DB = 
r>/(Xsu"). The other part, FC, is due to its rotation 
through (#2),, it is equal to (®2). X rev. per min. and is 
at right angles to D K, that is it lies along DC. Hence 
(Iz)m and (&2),, are always perpendicular and the locus 
of point D isa circle with its center on BC. 

The load acts as a variable resistance 2 and at 
any point DC D/DB = R2/Xsx". But DF/DB = 
r>/Xsu" therefore D F/D C = 12/R2 = &:(1— r. p.m.) /®2 
= slip = s. Hence Rz = 12/s. 

Locked Point. At point L where CL/LB = 12/Xsx" 
the motor is locked. The length of F C is zero, hence 
no energy comes from the cross phase. 

No-Load Point. At point B.where (2)m is at 180 
deg. to (I:)m the motor runs at no load, because no 
energy passes into the rotor. 


Motor Action. Between points L and B the angle 
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I, — &, shows that both active and reactive energies 
flow from the source toward the secondary. 

Generator Action. Beyond point B below the hori- 
zontal line to C the angle J;— &2 shows that active 
energy flows from the rotor toward the source (hence 
rotor has to be driven) but still reactive energy flows 
from the source toward the secondary just as in case of 
motor action. 

Electric Brake Action. If the rotor is driven in the 
negative direction, point D moves beyond point L, 


Fig. 23—Locus Diagram OF THE PotyPHASE INDUCTION Motor 


the voltage FC changes direction and the angle be- 
tween ($2), and /C shows that active energy comes 
from the cross phase into the secondary of the main 
phase. But angle (I:)m— (@2)m shows that active 
energy flows also from its primary into the secondary 
of the main phase. Both of these energies are dissi- 
pated in the secondary. 

Effect of Primary Resistance. The effect of the pri- 
mary resistance is taken care of by inverting the circle 
around point E, (Fig. 23) where AE = E/r or 
AC/AE =1;/Xsu’ as shown before. The locked 
point L is inverted to L’ by drawing a circle L L’ A 
with center on the horizontal line. CC’ is perpendicu- 
lar to A D and CC’/A D = 1;/Xsu’._ The secondary 
currents always pass through point K online A H. 

Speed Scale. In Fig. 22 FC = (4), X rev. per min. 
and DC = (®2)m. Since (42), = (2)m therefore 
F C/DC = rev. per min. (as a fraction of synchronous 
speed). 

A scale for speed can be found by noticing that tri- 
angle D F B is similar to N C L (the ratio of the sides 
being r./Xsu”) and DBC to MNC. From this it 
follows that point M divides the line LN in the same 
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ratio as point F divides D C. Hence rev. per min. = 
LM, ifL N = unity (Slip = MN =s). 

The significance of line ZN can be seen from the 
following consideration. If the infinite-speed point, C, 
the locked point, LZ, and the synchronous-speed point B 
are given, the speed for any point D can be found ina 
different way. Assume any point H. Then line DH 
divides line LQ in the ratio rev. per min./syn. where 
line L Q is parallel to the line HC. This is true because 
angle DH B = angle DC B, also angle L H D = angle 
LC D and angle LQ H = angle LL NC. Now if point 
H coincides with the infinite speed point C, the speed- 
scale line L Q becomes parallel to the tangent at point C. 

Hence on the inverted circle if the three characteris- 
tic speed points H L’ U (Fig. 23) are given, the speed 
scale line is found again by drawing a line L Q parallel 
to the tangent at the infinite-speed point H (or by draw- 
ing a perpendicular line to the diameter of the circle). 
As the primary current A D varies, line D H cuts off a 
distance L’P = rev. per min., if L’Q = unity. 
(PQ = slip) 

Torque. ‘The torque of each phase is equal to the 
product of the projection of (I:)m on (1), with (®,),. 
Since on Fig. 22 (#;), is vertical and constant, the ver- 
tical projection of (I;)m multiplied by (#;), is the tor- 
que. That is D T is proportional to the torque. 

Since the torque is zero at infinite speed and at syn- 
chronous speed, the torque is represented by a line 
perpendicular to the line connecting the infinite speed 
point and the zero speed point. Hence in Fig. 23 line 
DT, perpendicular to line U H, represents the torque 
to the same scale as in Fig. 22. 


XXVIII. THE SINGLE-PHASE INDUCTION MoToR 


The single-phase motor will be considered as a two- 
phase motor, in which no e. m. f. is impressed on the 
primary of the cross phase. 

First the cross phase will be considered. The only 


(®2)m rpm. R 


Fig. 24—Cross PHase or THE SINGLE-PHASE INDUcTION Motor 


e. m. f. generated in it is in its secondary and it is due 
to its rotation through (#2). The value of this gene- 
rated e. m. f. is equal to (@2)m X rev. per min. The 
primary of the cross-phase is always open. In Fig. 24 
let P R represent the e. m. f. (€2)m X rev. per min., im- 
pressed on the secondary of the cross-phase. If (rz), 
were zero, then (I2),. would berepresented by P Q where 
QR = (n). PR (P Q Ris the standard four line diagram 
at open-circuit), Due to the presence of (rz), point Q 
is inverted to U where U Q/U P = (re)-/(Xo0")-. Every 
other quantity is reduced in the same proportion. 
Hence P R is the e. m. f. impressed on the secondary 
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= (.), X rev. per min., 7 FR is the resistance drop in 
the secondary while P T is the actual flux (#2), linking 
the secondary. A part of this PV = (v”)- (2). is the 
flux (#;), linking the primary of the cross phase. With 
the variation of the load only the length P R changes, 
but the configuration of all quantities remains the same. 

Considering the vector diagram of the main phase in 
Fig. 25, let AB = E/(Xo')m and AC = E/(Xsx’)m. 
At any load (42) = D C can be divided into two parts. 
One part D F is (Iz f2)m is always 90 deg. from (I2)m and 
DF/DB = (r2)m/(Xsu")m- The other part FC is the 
e. m. f. generated through its rotation through (#2), 
it is equal to (2), X rev. per min. and is always 90 deg. 
from (.),. If the vector diagram of the cross phase is 
placed on this diagram then (®2)m rev. per min. is 
always 90 deg. from (®2) m. 

The motion of point D is subjected to the following 
conditions. 


Fig. 25—Locus Diagram or THE SineLE-PHasE INDUCTION 
Moror wItHoOUT PRIMARY RESISTANCE 


1. Angle a = constant, hence angle 0 = constant, 
since a + 6 = 90 deg. 

2. AngleC MG = constant = 90 deg. 

3. DF is perpendicular to DB and DF/DB 
= (12)m/(Xsu")m- 

These conditions can be satisfied only if point G is 
fixed. Hence the locus of point D is a circle through 
points G and C. 

Locked Point. Point L, where angle (I2)m— (&2)m is 
90 deg., is the locked point because FC is zero and 
C/ DB = (1'2)m/(Xsa”) m- 

Motor Action. Between points L and N the angle 
(I:)m — (&). shows that active energy flows from the 
primary toward the cross phase. 

No-load Point. At point N where the angle (11)m 
= (,), passes through 90 deg. the motor runs without 
load. 

Synchronous-Speed Point. Between points N and S 
the angle (I:)m— (2). shows that now active energy 
flows from the cross flux toward the primary, but the 
angle (I2)m— (€2)- shows that active energy flows also 
from the secondary of the main phase toward the cross 
phase. That is between these points the copper loss in 
the secondary of the cross phase is supplied partly from 
the shaft and partly from the source. At point S, 
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where (I2)m is 90 deg. from (4), all the cross phase 
losses are supplied from the shaft. 

Generator Point. Between points S and G the angles 
(I2)m— (€2)- and (I1)m— (®2)- show that the copper 
loss in the secondary of the main phase is supplied 
partly from the shaft and partly from the source. At 
point G where (I1)m is at 180 deg. from (#2) all the 
rotor losses are supplied from the shaft and the only 
load is (X.").. Hence GC/GB = (X.")./(Xsu")m and 
at point G (2), = (&2)m 

Generator Action. Beyond point G the angles (11)m 
— (3), and (I1)m— (®2)- show that active energy 
passes into the source. 

Speed Scale. FC = (#). X rev. per min. = DT 
x rev. per min. = (42), X rev. per min. X cos @ 
rev. per min. = MC X (rev. per min.)’. Hence 
FC/MC = (rev. per min.)?. 

Point F may correspond to a positive or a negative 
speed and if the rotor rotates in the negative direction, 
point D describes the same path again instead of moving 
to C beyond point L. 

The speed can be represented by one line. If a tri- 
angle LO Q is drawn similar to C M D then it can be 
proved that LD P/LQ =CF/CM = (rev. per min. 
/syn.)?. 

Draw FZ perpendicular to AC. Triangle B DH 
is similar to triangle D F Z since their sides are mutually 
perpendicular and DZ/DH = 12/(Xsx")m. As in the 
polyphase motor CZ/CD =LX/LO. The triangle 
LXP is similar to CZF, consequently LP/LQ 
= CF/C M = (rev. per min.)?. 

The speed scale LQ is again perpendicular to the 
diameter of the circle and point Q lies on the line con- 
necting the synchronous-speed point S and the infinite- 
speed point H. 

Torque. Since there is only one primary current, 
torque = (I1)m X (@). X cos A DV = AD X DV 
< cos A D V/(0") m: 

The torque is zero at points L and H, since Di V0; 
also at point N where cos A D V = O. 

Effect of Primary Resistance. The primary resistance 
is taken care of by inverting the diagram around point 
E/r;. All quantities keep their configurations. 

Similarly to the polyphase motor, all (2). lines pass 
through one point lying at the intersection of the locus 
and the line connecting the origin with the infinite-speed 
point. 


XXIX. THE DOUBLE SQUIRREL-CAGE INDUCTION 
MotToR 


In the double squirrel-cage induction motor another 
load is added in parallel to the ordinary induction motor 
load. This additional load is the reactance, “3 of the 
lower cage (or of the tertiary winding) which also has a 
resistance 73. 

In Fig. 26 AB = E/X.'and AC = E /Xsu’ where 
X,’ and Xsa’ are constants of the motor without the 
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lower cage. With any load the primary current is 
A D, the total rotor current is DB, and DC/DB 
= Z1/Xsu’. 

The total rotor current D B divides into two parts. 
One part D K = I, flows in the upper cage, the other 
part K B = I; flows in the lower cage. 

The total resultant flux 4, linking the upper cage 
consists of two parts. One part DT = ®; is the total 
resultant flux linking the lower cage, the other part, 
CT resides between the two cages. To each of these 
fluxes in the main phase corresponds an equal flux in 
the cross phase displaced 90 deg. in space as well as in 
time. 


The upper cage behaves just as an ordinary induction 
motor. The total resultant secondary flux $. = DC 


Locus of 11 


locus without Lower Gage 


Fic. 26—Locus DiaGRAM oF THE DoUBLE SQUIRREL-CAGE 
Inpuction Motor witHouT PRIMARY RESISTANCE 


divides into two parts. One partis D F = I» ro, 90 deg. 
from I, where DF/D K = 1r2/Xsx". The other part 
is F C = (#2), X rev. per min., 90 deg. from (#2),, which 
lies along line D K. Hence DC is always 90 deg. from 
I, and D C/DK = R./Xsa’ = (r2/s)/Xsn”. 

The lower cage which is in parallel with the upper 
cage and therefore has the same e. m. f. ©. impressed 
upon it, has in addition to r; and (®;), and additional 
reactance x; in series. Hence ®, is divided now into 
three parts. One part, CT is the e.m.f. across the 
reactance x3, is equal to I; 23, is parallel to J; = BK 
and CT/B K = %;/Xsnx". The other part, D U is the 
e. m. f. across 73, is equal to I; 73, is perpendicular to I; 
and DU/KB = 13/Xsa". The third part is UT = 
($3), X rev. per min., 90 deg. from (3), which lies along 
line KB. Similarly to the upper cage DU + UT 
= DT lies 90 deg. from B K and DT/BK = R3/Xsu” 
= (73/2) /Xsu". 

Due to the perpendicular position of the currents and 
the fluxes the triangle C DT is similar to triangle 
KGD. Since DC = DK X R2/Xsu” each side of 
triangle C D T is R./Xsu" times as large as the sides of 
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KGD. Since DT/BK = _R3/Xsx" = (KG/BK) 
(R./Xsx") therefore BK/KG = R2/R; = (12/8) 
(73/8) = T2/73 = constant. 

Since CT/KB = constant and GK/KB = con- 
stant, therefore C T/G B = constant. Since CT and 
GB are also always parallel and TG is always per- 
pendicular to both of them, triangles B N G and N TC 
are similar. N C/N B = constant, hence the loci of the 
three points K, G, and T are circles with their centers on 
line BC, passing through points M and N. These 
points are located between B and C such that 
BM/MWN =7r2/rsand NC/BM = 23/Xsu’. 

If the three circles are drawn, for any assumed 
I; = BK the position of point D is found at the inter- 
section of line N GD and the semicircle on diameter 
K-G. 

The locus of point D is not a circle, hence each point 
of the locus has to be separately constructed. 

With the variation of r./r; and x; point D can assume 
any desired position between the large circle on BC 
which is the locus of the motor without the lower cage 
(r; = ©) and the two circles through N, one of which, 
on BN, is the locus of the motor without the upper 
cage (rz = ©). 

Since triangle K D C represents the voltage and cur- 
rent in the upper cage, it can be seen that the effect of 


_ the lower cage upon the locus of the original motor is to 


leave point C in its original position and as point D 
moves on its original circle, point B is rotated on circle 
B K M, thereby changing the position of the instan- 
taneous circle from load to load. That is each point 
of the original locus describes a circle, the diameter of 
each circle being proportional to the ase? of that 
point from C. 

Locked Point. This consideration db teauintate sug- 
gests how to find the locked point. Let the locked point 
of the motor without the lower cage be at L’, where 
CL'/L’B = r2/Xsu". Ifa circle is drawn through L’ 
on L’C with diameter L’.J where M J is parallel to 
B L’, then the intersection of this circle with the locus 
is the locked point. Of course at this point DC/D K = 
T2 if Xsu". 

Speed. For any point D on the locus the semicircle 
K D R Crepresents the instantaneous locus of the upper 
cage, R the locked point. Hence if a vertical line is 
drawn from R to the diameter K C, line D C divides it 
into two parts, such that rev. per min./syn. = RP/RQ 
just as in an ordinary induction motor. 

A second scale for speed is FC/DC = rev. 
per min./syn. A third scale is U T/DT = rev. per 
min. /syn. 

Torque. The projection of (I1)m on (#1). multiplied 
by (#,), gives the torque of one phase. Hence just asin 
an induction motor the vertical component of J; is 
proportional to the torque. 

Effect of Primary Resistance. Each point of the locus 
should be inverted around point E/r;. All currents 
and fluxes will keep their relative configurations. 
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XXX. THE REPULSION MOTOR 


The brush axis will be considered as the axis of the 
main phase. 

Let the motor be short circuited and let (Fig. 27) 
AB = E/(Xs\n, AG = E/(Xsx)m. If the cross 
phase, which is always open circuited, is put in series 
with the main phase, line A C is inverted to A C’ where 
COVC A ae (Xo')e/(Xsu’)m- 

Let a = (number of cross turns) / (number of main 
turns). 

When the motor is running, an e.m. f. 1a iia 
(®2), X rev. per min./a is generated in the secondary of 
the main phase which is perpendicular to RC. Also 
AD is parallel and proportional to RC, since all the 
(®,), is produced by I,, that is Apnea CCC. 
Hence line D FR always passes through point C’ which 
divides D Rinthesame ratio. The loci of points D and 


R are circles. ms ot 
At infinite speed (#:), = R 


AG 


(2), X rev. per min./a lies at here A F’/A B = 


Fia. 27—Locus DiaGRAM OF THE REPULSION Moror WITHOUT 
PRIMARY RESISTANCE 


%o/(Xsa”) ms 
Ee 

Considering triangle K D R, the two stationary points 
C’ and A divide two of the sides in constant ratios. 
Hence the third side K D also must be divided in a 
constant ratio by a stationary point H lying along line 
AG’. That is I, always passes through point H. 

Locked Point. At point L where (I2z)m is at right 
angles to:(®2)m, the motor is locked. 

No-Load Point. At point N where I, is perpendicular 
to I, no energy flows toward the secondary. 

Speed. Just as in the polyphase induction motor, 
LP, a perpendicular line to the diameter of the locus, 
is the speed scale. 

Torque. The torque I, I. cos @ is proportional to 
XD X MD which is proportional to the perpendicular 
line D T drawn toline A N. 

Effect of Primary Resistance. Combine (ri)m and 
(r;), into r; and invert the locus around point E'/7:. 


The diameters of the circles are parallel to 
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XXXI. THE CONDENSER (OR SPLIT-PHASE) MOTOR 


The split-phase motor can be considered as the sum of 
two single-phase motors. The first motor exists if 
e. m. f. is impressed on the primary of one phase (main 
phase) while the primary of the other phase (cross 
phase) is short circuited. The second motor exists if 
e. m. f. is impressed on the primary of the cross phase, 
while the primary of the main phase is short circuited. 
If all currents and fluxes existing in each single-phase 
motor are added, the resultant represents all the actual 
currents and fluxes of the split-phase motor. 

The actual current in the primary of the main-phase 
is the current flowing in the first case plus the short- 
circuit current in the second case. Similar relations 
hold for the cross phase. However, the Theorem of 
Reciprocity states that if in any circuit an applied volt- 
age and an ammeter are interchanged, the reading of the 
ammeter does not change. That is the short-circuit 
current in the primary of the main phase is equal 
and opposite to the short-circuit current in the primary 
of the cross phase, hence they do not appear in the cur- 
rent coming from the line. 

To find the locus diagram of the condenser motor, 
first the locus diagram of a single-phase motor with 
short-circuited cross phase has to be developed. 

The Single-Phase Motor with Short-Circuited Cross 
Phase. Its theory is identical with the theory of the 
ordinary single-phase motor with open-circuited secon- 
dary, except the vector diagram of the cross phase 
(Fig. 28) differs from Fig. 24. 

In Fig. 28 it is assumed that the cross phase has a 
resistance (r:); and a condenser (#1). in its primary. 
Also a = (conductors in cross phase) /(conductors in 
main phase). The steps for constructing Fig. 28 are 
the following: 

1. Assume any distance D R representing (®2)m 
rev. per min. X a, the e. m. f. impressed on the secon- 
dary of the cross phase. DR = E/(Xsx").. 

Oe BR = (n)e x DR. 

8 The loads are (ri). and (a). If they were 
variable the locus would be a circle with center at O 
whereO P/P B = (H1)-/(Ti)e 

4. The load, however, remains at a definite value at 
all speeds, hence the position of (Iz). is always at a 
point K where KR/KB = (@)./(Xse')c To find 
this point draw a circle through M and B with its center 
along the vertical line at point B, where M R/M B = 
(r1)-/(Xsu’).. [This circle is the locus of all loads with 
constant (71)..| 

5. The effect of (rz). is taken care of by inverting 
point K around point EH where DE =E/(rz). or 
D R/DE = (r2)-/(Xsu")e. The other quantities can be 
drawn in as usual. 

The vector diagram of the main phase is similarly 
constructed to Fig. 25. To find the locus, the only 
quantity needed from Fig. 28 is angle a, because it 
determines the position of point G in Fig. 25. It may 
happen with larger (x1). that angle a is negative. In 
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that case point G lies to the left of point B. The con- 
struction of all quantities, however, remains the same. 
The center of circle G C L lies below the horizontal line 
and no load occurs above synchronous speed. 

Care should be taken in the speed scale. In Fig. 25 
where (#2). = R D cos a the synchronous speed is repre- 
sented by the distance LQ. In Fig. 28, however, 
(®,). is less than RD X cosa by a constant ratio 
D U/DH = }, hence the synchronous speed is repre- 
sented by LQ X b. 

The Condenser Motor. The actual constants of each 
phase should be used. Let an e. m. f. be impressed on 
the primary of the main phase and let the primary of the 


E 


Fig. 28—Suort-CircuireD Cross PHASE OF THE SINGLE-PHASE 
Inpuction Moror 


cross phase be short circuited. The locus of the pri- 
mary current in the main phase is the circle L” S” K” in 
Fig. 29. Let the same e.m.f. be impressed on the 
primary of the cross phase and let the primary of the 
main phase be short circuited. The locus of the pri- 
mary current in the cross phase is the circle L’ S’ K’. 
(The current scales should be identical.) 

Locus of the Line Current. If the primary currents 
AT” and AT’ corresponding to the same speeds are 
added, the locus of J;o:.; coming from the line is found 
to be again a circle L TS K. Hence it is sufficient to 
add three points, the infinite-speed points (K” and K’) 
the synchronous-speed points (S” and S’), and the 
locked points (L” and L’) to determine the locus. 

Speed Scale. It will be also noticed that the speed 
scale LQ for Ijiq1 can be constructed in exactly the 
same way as in a single-phase motor. That is for any 
assumed I joi21 = AT the line TK cuts off from LQ 
a distance L P proportional to (rev. per min.)? (LQ 
= unity). 

Locus of the Phase Currents. Itis sufficient to find 
the short-circuited current in the cross phase. The 
steps are the following: 
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1. Draw any line K” T” and measure L” P” = (rev. 
per min.)? 
2. Draw line K’T’ representing the same speed, 


that is L’ P’ = (rev. per min.)? 
_3. Draw HJ perpendicular to AT” where 
HS/AT" = (11)m/(Xse’)m[A H = H/(Xsu’)m] repre- 


senting the resistance drop in the primary of the main 
phase when acts as a single-phase motor. Then J T’ 
= (B2)m 

In Fig. 28 the short-circuit current TV is always 
proportional to (@2)m rev. per min. and is always at 
a constant angle (90 deg. — B) from it. Let TV/DR 
=d. In Fig. 29 the number of volts corresponding to 
(Bem = JT", X (Xsa’)m/ ("mcs [J 2” in) amperes] 
The number of volts generated in the secondary of the 
cross phase = J T” (Xsu’)m X @ X rev. per min./(v”) m. 
This has to be equal to TV X (v”), (Xsu”)./d = num- 
ber of volts represented by D & in Fig. 28. Hence 

4. Calculate T” D inmm.) = J T” (inmm.) X rev. 
per min. X constant, where constant = (Xsun’)m X @ 
Xx d/(Xsu"). 0") m 0") c 

5. Draw T’ D at an angle 6 from J T’”. Then A 7” 
Tt" Das 

6. Draw this same distance at point T’ parallel to 


Fia. 29—Locus Diagram OF THE CONDENSER Motor 


itself in the opposite direction as T’Z. Then A T’ 
TTF = Ti). 

7. Reverse T’ D and T’ Z thereby finding two other 
points U and X on the loci corresponding to the same 
but negative speeds. 

If the short-circuit current in the main phase is 
constructed instead of the short-circuit current in the 
cross phase, the same results are found. 

It is interesting to note that if the motor is driven in 
the negative direction the phase currents have different 
values but Jiora: describes again the same locus just 
as in a single-phase motor. 

Actual Currents and Fluxes. A H= E/(Xsu')m and 
AG = E/(Xsn’). HC = (11 11)m, is perpendicular to 
AD and HC/AD St (71) m/ (Xen) BC/AC = (n) ms 
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DF/DB = (ro)m/(Xsu")m. Similarly in the cross 
phase where in addition GN/AZ = (@1)-/(Xsu’)e. GN 
is parallel to A Z and represents the voltage across the 
condenser. 

The correctness of the results is proved by the fact 
that F C representing the e. m. f. generated in the sec- 
ondary of the main phase due to its rotation through 
(®),, is always perpendicular to Z M = (#2), and is 
always equal to (#2). X rev. per min./a (both expressed 
in volts). Similarly MR is also always perpendicular 
to D C = (2)m and is equal to (#2), rev. per min. 
X a, just as is required by the theory. 

Torque. The total torque is the difference of the 
torques of the phases. In synchronous watts: torque 
= (I1)m X cosM AD X (A M/AG) X Bimp/a — Ui)c 
x cosC A ZX (AC/AB) X Eimp X 4. 

If (I1:)m and (I,), are given, it is sufficient to draw 
only lines H C and G M for finding the torque. 


Appendix 

CONNECTION BETWEEN DESIGN CONSTANTS 
a. Let 

xz, = leakage reactance of the primary 
= leakage reactance of the secondary 
2m = mutual reactance 

Then 
Xo =%1+ 2m 


8 
i] 
| 


Xsu! = 01 + Lo Lm/ (Ge + Sm) 

=| Cin) (Eat han) 
Xs” = Lo + 21 Xm/ (01 + Lm) 

v” = Umn/ (Le + Lm) 


2s = Xo = Lm 


X, = self-inductive reactance of the primary 
X, = self-inductive reactance of the secondary 


K_ = coefficient of coupling 
Then 
BX = Xj Xsu’ oe. © (1 — K?) n = k? 


Xe? — Xe Xsu” aS Xe (1 = K?) 
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NOMENCLATURE 

X,’ = Open-circuit reactance, measured from the 
primary side 

X," = Open-circuit reactance, measured from the 
secondary side 

X.,' = Ideal short-circuit reactance, measured from 
the primary side 

Xex" = Ideal short-circuit reactance, measured from 
the secondary side 

D; — Total resultant flux linking the primary 
winding 

®, = Total resultant flux linking the secondary 


winding 
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Fy = Difference of potential at the terminals of the 
primary winding 

F, = Difference of potential at the terminals of the 
secondary winding 

r = Actual resistance 

R = Apparent resistance 

I, = Primary current 

I, = Secondary current 

max’ = Maximum possible permeance, measured from 
the primary side 

maz” = Maximum possible permeance, measured from 
the secondary side 

@min’ = Minimum possible permeance, measured from 
the primary side 

min” = Minimum possible permeance, measured from 
the secondary side 

( )m = Quantity belonging to the main phase 

( )- = Quantity belonging to the cross phase 
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Discussion 


R. H. Park: The diagram (b) of Fig. 3 of the paper will look 
a little more familiar if we draw it as in Fig. 1 herewith. Let the 
circuit of Fig. 2 herewith represent the equivalent circuit of an 
induction motor. A certain amount of current J, flows in the 
magnetizing branch of the circuit, and a certain amount of 


Vv 


RiGee 


current I> is coming out of the slip rings. If the slip rings are 
short circuited, the secondary current will be wholly reactive, 
and if the slip rings are feeding a resistance load, the locus of 
this secondary current will be a circle. The primary current [; is 
the vector sum of Im and Ip, Thus the lines on the diagram of 
Fig. 3b ean be identified in conventional terms if desired. 
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Mr. Kron has introduced some entirely new names for these 
quantities—1. e., vector stored energy, vector free energy, and 
vector work done. It is always possible to introduce new con- 
ceptions of this type and I hope that these new ones will help us 
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in this sort of work. I notice that the projection of the stored 
energy vector does really represent the magnetically stored 
energy in the whole system. 

C. A. Adams: In practically all of our textbooks, each type 
of electrical machine is considered largely as a separate problem 
with its own special type of treatment, although elements of 
similarity are often pointed out. 

In so far as the author has succeeded in developing a generalized 
treatment that can be applied to any type of electrical machinery, 
he has rendered a very great service to the profession, and partic- 
ularly to the education of our young engineers. 

But Mr. Kron has created in considerable degree a new lan- 
guage and for most of us new languages are not easy to acquire. 

In nearly every type of electrical machinery there are two or 
more m. m. fs. and there are many ways of. dealing with these 
m. m. fs. and with the flux or fluxes produced by them, as well 
as with the e. m. fs. produced by the fluxes. In order to simplify 
the problem and to assist in visualization, we are accustomed to 
make certain approximations, and to simplify the picture we 
employ vector diagrams. 

In my own teaching work, I have attempted for many years to 
generalize these diagrams and to make -plain such distinctions 
as are necessary, for example, between time and space phase 
relations. 

Instead of starting with m. m. fs., fluxes, e. m. fs., and currents, 
the author deals with energy, maximum stored energy, and free 
energy, and has labeled the ratio of the free energy to the maxi- 
mum stored energy the thermodynamic efficiency, because of 
its analogy to that ratio. As a matter of fact, it is not efficiency 
at all as we understand it in connection with electrical machinery. 
It is really the ratio of the difference between the permeance of 
the primary flux path and that of the leakage path to the per- 
meance of the primary flux path, or the ratio of the maximum 
permeance minus the minimum permeance to the maximum 
permeance. In the induction motor the ratio of the minimum 
permeance to the maximum permeance is approximately what 
is sometimes called the circle ratio, or leakage coefficient, the 
minimum permeance corresponding approximately to the leakage 
permeance as it is ordinarily understood. 

As another illustration, take the case of a sudden short circuit 
on an alternator. Assuming the secondary or armature 
resistance to be 0, and remembering that the total flux linked 
with the field cannot change instantaneously, practically all of 
this flux is forced out through the leakage paths as both primary 
and secondary current rise in opposition to the point necessary 
to accomplish this result. Hence, the ratio of the sudden short 
circuit current to the full load current of the machine is practi- 
cally the ratio of the permeance of the primary or field flux path 
to that of the leakage path. 


These illustrations are given merely to indicate that the 
difference between the two methods is largely one of language. 
However, there is one point in the author’s method of analysis 
in which it is distinetly superior to the methods commonly 
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represented by our more familiar vector diagrams; 2. e., where 
he deals with real and measurable permeances rather than with 
artificial permeances. For example, in the transformer as well 
as in the induction motor, we are accustomed to deal with the 
permeance of the flux path common to both primary and secon- 


.dary, asifit were areal measurable quantity, when in fact it is not. 


Finally, the question arises in the mind of the average design- 
ing engineer, ‘‘Is there any saving of labor in the actual quantita- 
tive computations involved in the analysis of the operation of a 
particular machine?” The author claims to use only two 
formulas, which, as a matter of fact, are sound and fundamental; 
but look at some of his vector diagrams and realize that the 
ealeulations must all be made graphically and to scale. I am 
wondering if the errors inevitably involved in this graphical work 
are not at least as great as those involved in the approximations 
connected with the ordinary mathematical methods. 

I do not wish to leave the impression that Mr. Kron’s method 
is not an excellent one for those who have not already learned 
another language. It may be that it portrays the relationships 
involved in a more satisfactory form, but I feel sure that it will 
be a long time before our more traditional methods are com- 
pletely replaced. ; 

B. L. Robertson: Mr. Kron makes the statement that in 
the sudden short circuit of an alternator, and in the sudden load 
variation of an alternator, the flux-linkages of the primary and 
secondary windings (defined as the stator and rotor windings 
respectively) cannot change instantaneously, but that the 
m. m. fs. of those windings can. 

The first statement is in accordance with the principle known 
as the “constant linkage theorem’’ which states that in any 
closed circuit containing no live voltages and having zero re- 
sistance the sum of all of the flux-linkages of that circuit must 
remain a constant. This theorem was first recorded by Doherty, 
and later used by Franklin and Laffoon in solving alternator 
short circuit problems. 

The second statement, however, that the m.m.fs. of the 
alternator circuits can change instantaneously is not in agreement 
with physical facts. The only way in which the flux-linkages 
of the alternator circuits can change is by a change in the arma- 
ture or field currents under constant permeability conditions, 
by a change in permeability under constant current conditions, 
or by changes in both currents and permeability at the same 
time, so that their effects do not balance each other. 

In the case of the alternator, the permeance of the magnetic 
circuit varies with the position of the rotor, and since the machine 
has a finite speed the change in permeance, and hence m. m. f., 
is not instantaneous. The flux-linkages being constant, and the 
permeance varying at a finite rate, the m. m. f. must change also 
at some definitely calculable rate. There is no change in any 
of the quantities of the machine at the very first instant of 
short cireuit. 

I should like to ask Mr. Kron if he can reconcile the two state- 
ments which have been made in the paper, or if I have misin- 
terpreted his meaning. 

_All alternating quantities are in terms of effective values, 
hence it apparently follows that the diagrams do not lend them- 
selves to the calculations of instantaneous values such as the 
cyclic variations of field and armature currents just following the 
sudden short circuit of an alternator. I believe it is for this 
reason that the usual analytical quantities do not appear, rather 
than that the four basic reactances given will take care of all 
conditions of machine performance at all instants of time. 

The approach, as illustrated in the paper, to the solution of 
machinery problems is on the basis of energy relations. That is, 
the principle is borrowed from ordinary mechanics that if a 
problem can be solved from the standpoint of work and energy 
we usually have an easier means to its solution. The method 
outlined by Mr. Kron is valuable for this reason. It also gives 
us a different physical point of view of the electric machine. 
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Gabriel Kron: The paper introduces into electrical engineer- 
ing a method of attack which is used already extensively and 
successfully in all branches of theoretical physics. It seems to 
be the tendency of physical problems to give easy solutions with 
the minimum effort when attacked from the energy point of 
view, while the consideration of the equilibrium of forces usually 
leads to complicated solutions. In the study of electrical 
machinery the method of equilibrium of forces (Kirehhoff’s 
first law) is still used exclusively and as +a consequence the 
physical theory of even comparatively simple machines, like the 
single-phase induction motor, becomes so complicated that only 
a surprizingly small number of engineers have any understanding 
of it. 

Although the method of attack from the energy point of view 
is used in d-c. problems in a few isolated cases, its extension to 
a-c. problems has been handicapped by the fact that while d-e. 
force functions (e. m.fs., J R drops) had been generalized for 
a-c. cases, no such generalization has been formulated yet for 
the different functions having the dimensions of energy. It is 
the purpose of the paper to define three such functions and to 
show that the generalized form of the so-called “Law of Free 
Energy,” originated by Helmholtz for isothermal, reversible 
processes, gives the energy performance of the transformer and 
alternator, and at the same time introduces the most natural 
physical constants of a machine, the open-circuit and short-cir- 
cuit reactances, which are the limiting cases of the only measur- 
able quantity. Due to the length of the article I could only show 
during the presentation of the paper the extension of this law to 
the most general case of transmission networks by replacing 
reactances by impedances and scalars by vectors. The sudden 
short circuit analysis of the alternator was added only to show 
that not alone steady state but also transient problems have a 
tendency to give simple solutions by the use of energy relations. 

The general formula Z,/Z<n" gives not only a simple tool for 
finding the performance of complicated machines and networks, 
but it enables one to draw on the diagram, after the locus is 
found, all currents and fluxes existing inside the machine at any 
desired load without additional computations. Since these 
quantities are shown on all diagrams, some of them look com- 
plicated even to Professor Adams. Of course in the construction 
of the loci those lines are unnecessary and they are shown only 
for the sake of a physical picture. 

Since only resultant fluxes are shown, the method is ideally 
suited for the analysis of machines in which saturation occurs. 

Although the method of analysis was not worked out for the 
purpose of saving labor in the routine performance caleulations, 
it took from five to ten times as long to plot the non circular 
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loci from equivalent circuits or equations. The saving of time 
with the method presented in case of circular loci is of course not 
as apparent. 
The method is still in its formative process, and I could elimi- 
nate at least half of the derivations if I rewrote the paper, due to 
simple relations existing between the actual quantities of the 
diagrams discovered since its writing. I just want to call atten- 
tion to the fact that the extension of the four line diagram to any 
network eliminates the sections concerning the effect of 
resistances in the transformer and alternator, and at the same 
time introduces seales for input, output, loss, and efficiency. 


Professor Adams notes that the thermodynamic efficiency is the 
same type of term as the circle coefficient of the induction motor. 
That is true, but while the circle coefficient refers to the acci- 
dental relation of a circular locus and it has no physical meaning 
with synchronous or commutator machines, the thermodynamic 
efficiency represents a fundamental property of a system of two 
magnetically interlinked windings just as the coefficient of 
coupling does, and it shows up in the vector diagrams of all 
machines. However I grant that the name is not very 
appropriate. 

Professor Adams also mentions that the minimum possible per- 
meance is approximately equal to the leakage permeance. The 
leakage permeance (X, + X2) is equal to the minimum permeance 
X, + Xo Xm/(X2 + Xm) only in the limiting case when Xm 
=infinity, and it is not desirable to interchange them, since ap- 
proximate assumptions often lead to more involved results than 
the correct assumptions. 


Professor Robertson calls attention to the incorrect use of the 
word “instantaneous.”’ Instead ‘‘during the first cycle” should 
have been used. Lately I found that if the four-line diagram is 
considered as a space diagram, the four lines describe the actual 
position of the m. m. f. and flux waves from instant to instant 
after any type of sudden single-phase or polyphase short circuit 
in any single-phase or polyphase synchronous machine having 
smooth gap or salient poles. In view of this fact Figs. 15 and 16, 
representing only one instant, are superseded and the correspond- 
ing sections XIX and XX should be omitted. 


Mr. Alger, who as Chairman of the Committee on Electrical 
Machinery had a chance to study the paper, finds the picture 
presenting a bird’s eye view of a-c. machinery and networks, 
“very clear and complete.” The aim in developing the theory 
was not only to build aclear physical picture, but to build it upon 
conceptions used by the parent of all applied sciences, theoretical 
physies, because only then can the method be applied success- 
fully in future theoretical and practical developments. 
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Transient Torque-Angle Characteristics 
of Synchronous Machines 


BY W. V. LYON* and H. E. EDGERTON* 
Associate, A. I. E. E. Associate, A. 1. E. E. 
Synopsis.—Mechanical oscillations of synchronous motors so that the performance of practically any machine of this type may - 


following the application of abrupt shaft loads have not been hereto- 
fore easily calculated for cases of large angular swings, taking into 
account the damping currents in the rotor, except by tedious 
point-by-point methods. The chief difficulty has been due to the 
form of the basic differential equation wpon which the solution of 
hunting problems depends. 

Within the last few years Dr. V. Bush and others at the Massachu- 
setts Institute of Technology have devised the integraph which is 
capable of solving the equations of the synchronous motor. Into the 
integraph are put curves representing the non-linear differential 
equations and the boundary conditions. The desired results come 
from the integraph as curves. 

In this paper the problem of sudden load on the non-salient pole 
alternator is solved by the integraph for enough different conditions 


INTRODUCTION 


HE transient angular oscillations of synchronous 
machines are important to operating engineers, 
and within the last few years a number of papers 

devoted to this subject has appeared in our technical 
literature. Readjustment of steady-state operating 
conditions following changes of load or circuit causes 
the rotors of synchronous machines to swing in accor- 
dance with the dictates of mechanical and electrical 
requirements. The differential equations representing 
the constraints on the motions of the rotor have here- 
tofore been unsolvable except by step-by-step analysis. 
The development of the integraph has made possible the 
solution of problems of the type encountered in stud- 
ies of transient angle characteristics of synchronous 
machines. It will also be shown how the electro- 
magnetic torque may be computed by the application 
of a well-known physical principle which heretofore has 
been little used for this purpose. 

In this first paper there will be considered only the 
simplest case and therefore the following conditions 
will be imposed. The air-gap will be considered uni- 
form and the permeabilities of all portions of the 
magnetic circuit treated as constant, 7. e., the effects 
of saturation will be neglected. Both the armature and 
field circuits will be taken as symmetrical with the 
windings so arranged that the space harmonics in the 
air-gap flux become negligible. The problem to be 
treated specifically is that of the sudden application of 
load to the shaft of a synchronous motor which is sup- 
plied with power from a balanced polyphase source of 
constant potential and frequency. In this problem the 
mutual inductance between the armature and rotor is 
the only circuit parameter which is variable. 


*Massachusetts Institute of Technology, Cambridge, Mass. 
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be easily predicted from the compiled results. Knowing the moments 
of inertia of the machine and its load, the characteristics of the 
machine running as a synchronous motor and as an induction 
motor, the maximum amount of sudden load for which the machine 
will remain in synchronism may be determined for different values 
of initial load. Other curves give the maximum angle of the first 
swing of the rotor and the time interval for the rotor to change from 
its initial position to this maximum angle. 

The simplest type of equation representing an ideal synchronous 
machine is solved in this paper. The integraph is capable of solving 
problems of a much more complicated nature than those presented. 
The more complicated problems pertaining to machines with un- 
symmetrical excitation and salient-pole rotors will probably be the 
subjects of future papers. 


If it be permissible to assume that both the hysteresis 
and eddy current losses vary directly with the fre- 
quency and the square of the maximum flux density, 
these losses can be taken into account by assigning the 
proper complex values to the self and mutual induc- 
tance. This, however, is a refinement which has been 
disregarded in the computation presented here. 

The equation which determines the angle character- 
istics of a synchronous machine is 


d? 6 


J ip 


Sri aac een (1) 
where the first term represents the acceleration torque; 
the second, the electromagnetic torque developed be- 
tween the stator and rotor, and the third, the mechani- 
cal torque on the shaft, including friction. J is the 
moment of inertia and @ is the displacement angle of 
the rotor from some normal synchronous position. 

It is first necessary to determine the expression for 
the electromagnetic torque. In addition to the con- 
ditions. already assumed to exist, the currents in both 
the armature and field circuits are considered to be in- 
dependent of the acceleration. That is to say, the 
currents at any moment are the same as would flow if 
the speed at that moment were to exist indefinitely. 
This additional assumption simplifies the problem. 
Results obtained with an induction motor having a 
rotor winding excited with direct current appear to 
justify this assumption for those cases in which the 
time constants of the stator and rotor windings are 
relatively small, or the moment of inertia large enough 
to assure small acceleration. 


Equation (19) of Appendix I is a complete expression 
for the electromagnetic torque developed by the motor 
as a function of the terminal voltage V, the excitation 
voltage E,’, the armature resistance 7;, the rotor re- 
sistance r2, the synchronous reactance x,, and the 
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slip. The derivation of this equation, which is based 
upon the principle of superposition, is given in Appen- 
dix I. By this method the effects produced by the 
potential applied to the stator and that applied to the 
rotor are each found separately. Combination of these 
two effects gives the resulting conditions that exist in 
the motor. By neglecting the armature resistance 11, 
the equation for the electromagnetic torque can be re- 
duced to the form given in (20). This expression now 
substituted in 1, gives 
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Since a power equation is more convenient than a 
torque equation, the above can be put in the power form 
by multiplying by unit speed (1), giving 
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P; oP escinsGo—abP . (3) 
where 
@ is the angle between the terminal potential and 
the e.m.f. induced in the armature by the 
action of the direct field voltage. (It is also 
approximately the space angle between the 
center line of the rotor and that of the same 
center line at no load.) 
P; is the power per unit acceleration (at synchro- 
nous speed). P; = J (1). 
P, is approximately (for small values of slip) the 
induction motor power per unit of change of 
angle with respect to time. 


Pp i Pa est 
a= “360 f ; (approximately). 
P,, is the maximum static synchronous power. 
eer FL 
vs 


P is the shaft load on the motor which may be any 
function of time, angle or the rate of change of 
angle. P = — T (I). 


ABRUPT APPLICATION OF SHAFT LOAD 


- The particular problem considered in the integraph 
solutions of Equation (3) is that of the abrupt applica- 
tion of load to the shaft of a synchronous motor. Of 
especial interest is the maximum amount of abrupt 
load that can be suddenly applied without resulting in a 
loss of synchronism. This critical load will depend 
upon the relative sizes of the coefficients of Equation 
(3) and upon the initial load that exists when the sud- 
den load is applied. It will also depend upon the initial 
acceleration and slip. Both of these last two factors 
have been considered to be zero in the integraph solu- 
tions. Such a consideration implies that the motor is 
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operating in a steady-state condition at the time when 
the abrupt load is applied., 4. 
The load as a function of time for this specific problem 
is of the form, 
ie —— ee SF Py 1 
where P, is the initial shaft load. 

P, is the abrupt shaft load. 

1 is Heaviside’s unit function which indicates 
that the quantity to which it is applied is 
zero before time equals zero and is mul- 
tiplied by one thereafter. 

Substituting (5) in (3) gives (16), the complete differen- 
tial equation including the initial conditions for the 
problem of abrupt shaft load, it being understood that 
the initial acceleration and slip are equal to zero. 
ad? 6 d @ 
pee hans 

From this equation, it may be seen that there are 
five factors which influence the solution. The first 
factor P; depends upon the combined inertia of the 
motor and its connected load, and upon the synchronous 
speed of the motor. The next factor P, depends upon 
the induction motor characteristics of the synchronous 
machine when its field circuit is symmetrical! and short- 
circuited. For small values of slip it is approximately 
proportional to the slope of the slip-torque curve. 
Actually the coefficient P, is not constant but is the 
variable factor which when multiplied by the slip gives 
the correct value for this torque term. The third 
factor P,, depends upon the synchronous motor charac- 
teristics. It is the pull-out power or maximum load 
that does not cause the motor to pull out of step if 
slowly applied. The fourth factor P, is the initial load. 
The last factor Pr is the abrupt load that is applied at 
i=. 0. 

By a change of time-scale the factors that influence 
the solution may be reduced to three which are: 

Pe 


1 k=—=~=a 
Vinge 


(5) 


‘RB + -Psin 6 = P, 4- Pris (6) 


“relative damping coeffi- 
cient’? which depends upon 
the induction and synchro- 
nous motor characteristics 
and the combined inertia of 
the motor and load. 

(Although k is a numeric it contains the dimensions of 
angle and is proportional to the square root of the mag- 
nitude of the unit used for measuring angle. The unit 
used for the solutions in this paper was the electrical 


degree. If electrical radians are used & must be multi- 
plied by the square root of 180/7.) 
P, at : 
2. Pp = the initial load ratio. 
Pe ; 
3. P = the abrupt load ratio. 


1. This type of rotor was used in the experimental tests. 
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This reduction in the number of coefficients is accom- 
plished by selecting a new variable which is related 
to the usual time scale by the following equation 

Pi 
P. (7) 
where t’ is the new variable. The substitution of 
(7) into (6) and the division of all terms by Pn gives 
the most general form of Equation (6) 

a? 7] d 0 Ps Ve o dg L 

aie Sa ee 

This equation characteristizes the angular transients 
that follow a suddenly applied shaft load. It is the 
equation of a damped pendulum swinging through large 
amplitudes. Initially the angle must be of such a value 
that sin 6; = P./P,,. After a transient (in case syn- 
chronism is not lost) the final steady-state angle must 
be such that sin 02 = (P, + P1)/Pm. 

If k is zero then the equation represents undamped 
motion and the angular variation is an oscillation be- 
tween the initial value and some maximum value. 
This equation is solvable for the critical load by a 
method of areas.2. Also the maximum angle of swing for 
any load can be determined in the same manner. 
Should the maximum angle reach and slightly exceed 
the value of angle corresponding to this critical load in 
the unstable part of the power-angle characteristic, 
stability will be lost because the synchronizing torque 
is less than the load torque. Park and Bancker show a 
curve of P,/P,, against P./P, in Fig. 12 of their paper 
which gives the critical values that are just on the verge 
of instability. They also show curves of angular posi- 
tion against time for the undamped case which were 
calculated step-by-step. 

The damping is not equal to zero when the induced 
rotor currents in the field windings and the amortisseur 
bars are appreciable. The relative damping coefficient 
k, becomes larger as the induction motor effect becomes 
greater. By analogy to the damped pendulum it will 
be seen that the motion represented by Equation (8) 
is beneficially influenced by increasing the value of k 
since the damping term reduces the maximum angle of 
swing. In other words as the value of k becomes larger, 
the amount of sudden load ratio that may be applied 
becomes larger with a constant initial load ratio. A 
limit, however, is reached when k has such a value that 
the sudden load ratio plus the initial load ratio equals 
one. Further increase of the relative damping coeffi- 
cient, k, cannot allow the motor to stand more sudden 
load because the final steady-state conditions are im- 
possible. The value of k that just allows the sudden 


2. Fortescue, A. I. E. E. Trans., Vol. 44, 1925, p. 984. Park 
and Bancker, A. I. E. E. Trans., Vol. 48, Jan. 1929, p. 170. 

2a. Summers and McClure, A. I. E. E. Quarterly Trans., 
Vol. 49, Jan. 1930, p. 132. (Appendix VIII). The integraph 
was used for solutions of transient angle-time curves for the 
undamped case for ten values of initial load ratio and for many 
sudden load ratios up to 3. Ten charts are given. 
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load ratio plus the initial load ratio to equal one has been 
termed the “critical damping coefficient.” This coeffi- 
cient has different numerical values for different initial 
load ratios. It corresponds roughly to the critically 
damped R, L, and C series electrical circuit. 

The integraph (see Fig. 1) made it possible for many 
complete solutions of Equation (8), taking into account 
the damping term, to be made in a reasonable length of 
time. Reference to three previously published articles 
on the integraph describing its construction and opera- 
tion are given in a footnote below Appendix II. Ap- 
pendix II describes the methods employed in solving 
equations of the type of (8) on this device. Without 
the integraph a tedious point-by-point method would be 
necessary which would require a prohibitive amount 
of time. 

The procedure used in systematizing the results of 
the integraph solutions follows. The relative damping 
coefficient k, and the initial load ratio, P./Pm, were 
given numerical values. Then the integraph was used 


Fia. 


1—A GENERAL VIEW OF THE INTEGRAPH 
This device is the result of several years of intensive research at the 


Massachusetts Institute of Technology by Dr. V. Bush and others 

to obtain solutions for the angular variation against 
time for different values of abrupt load ratio, Pi/Pn. 
Fig. 2 shows such a family of solutions. For these 
solutions the value of k was equal to 0.022, and P./Pn 
was equal to zero. The time scale is converted to 
seconds for any particular case by multiplying the 
numbers on the horizontal scale of Fig. 2 by 


2n4| 90 Pi o59.6 J Pi. 
P,, P 


m 


The factor 2 7 +/ 90, 


results from the way in which the integraph was 
calibrated using a linear second degree differential 
equation without a damping term. This method of 
calibration is explained in Appendix III. 

Small sudden load ratios cause the angle-time solu- 
tions of Fig. 2 to resemble damped sinusoids and all 
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have approximately the same frequency. For sudden 
load ratios larger than 0.4 the frequency of oscillation 
is considerably reduced, so that for a ratio of 0.79 the 
time required for one oscillation is doubled. 

The integraph solution for the sudden load ratio of 
0.80 on Fig. 2 shows there is no oscillation but the 
angular deviation of the rotor continues to increase and 
the motor falls out of step. The solution for the ratio 
of 0.79, however, shows that the angular deviation does 
reach a maximum value and then oscillates with de- 
creasing amplitude about the final value. Between 
these values of sudden load ratio there is one for which 
the angular deviation would neither continue to increase 
nor decrease. This value is that which would cause the 
so-called “unstable equilibrium condition” for this 
particular equation. Physically such a solution means 
that the slip and acceleration of the rotor of a syn- 
chronous machine both become zero when the rotor 
reaches the angle giving an unstable steady-state 
solution. This angle is on the unstable portion of the 
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Fig. 2—CuRVES SHOWING THE VARIATION OF ANGULAR 
DISPLACEMENT AGAINST TIME FOR VARIOUS SUDDENLY APPLIED 
SHart Loaps 


Angle-time solutions of Equation (8) for a relative damping coefficient of 
0.022 and no initial load 


power-angle curve, thus being greater than 90 deg. 
The precision of the integraph was not sufficient to 
secure a plot of this condition. However, the integraph 
shows that the largest value of sudden load ratio that 
does not cause instability is greater than 0.79 and less 
than 0.80. This determination is sufficiently accurate 
for engineering purposes. 

The results of many families of solutions such as 
those shown in Fig. 2 are compiled as a chart giving the 
relation between the relative damping coefficient and 
the maximum load ratio which does not result in in- 
stability. Such a chart, complete in that it gives the 
results of all the solutions, appears in Fig. 3. The solid 
points indicate that the integraph solution of Equation 
(8) with the coordinates of the point k and Pi/Pm is a 
stable one. The open points indicate that the integraph 
showed instability for the corresponding values, k and 
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P,/Pm. Only a few values near the critical value are 
located on Fig. 3. Between the two types of solutions 
there is a boundary line which separates stable and 
unstable regions. 


PF 
To get a complete relation between Pp” pe? and k 
the following procedure was used. For a particular 


ie Ps 
value of pe ( say Foi a 0 ) the critical value of 


™ 


Lah 


Pr 


for a given k was determined by several trial 
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Points for this chart come from solutions similar to those of Fig. 2 
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(The arrows indicate that the angle continued to increase, thus showing 
instability) 


solutions. This was repeated for several values of k, 
thus establishing the boundary curve marked “Initial 
Load, P, = 0.0 P,,”’ in Fig. 8. In the same way the 


690 LYON AND 
other three boundary curves for initial load ratios of 
0.25, 0.50, and 0.75 were located on Fig. 3. 

The “line of critical damping” on Fig. 3 is drawn 
through the points where the sum of the initial and 
sudden load ratios becomes unity. Relative damping 
factors larger than those for critical damping produce 
no beneficial effects but only slow up the rate of swing- 
ing. They do not allow greater loads to be applied 
without the loss of synchronism. 

From the curves similar to Fig. 2, two other charts 
have been prepared. These are (Fig. 4) the maximum 
angle of swing plotted against the sudden load ratio 
for different values of k, and (Fig. 5) the time required 
for the angle to change to its maximum value as a 
function of the sudden load ratio for different values of 
k. The scales of the first curve are independent of the 
size of the machine, while the second curve has its time 
scale multiplied by a factor which makes the curves 
general. Both of the curves are for the case of an 
initial load ratio of zero. 

The time required for one complete swing from the 
initial angle to the next minimum angle is approximately 
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equal to twice the value of time given in Fig. 5. In 
other words the swing back requires the same time as 
the swing forward. 

Many. different types of load transient problems are 
solvable from the results that are plotted in Figs. 2, 3, 4, 
and 5. These results are in terms of the “relative 
damping coefficient,” k and so easily and quickly apply 
to the smallest and the largest of synchronous machines. 
A problem is put into the proper form by finding the 
coefficients of the differential equation of torques. 
Then k is calculated, and together with the initial 
conditions allow the desired information to be read 
from Figs. 3, 4, and 5. A method of determining the 
coefficients is given in the following section. 

DETERMINATION OF THE COEFFICIENTS 

To apply the graphical results of Figs. 3, 4, and 5 toa 
synchronous motor requires the determination of the 
three coefficients, P;, Pz, and P,,. The integraph solu- 
tions are in terms of electrical degrees and so this unit 
of angle must be used for the coefficients. The unit 
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of power used does not influence the solution. Kilo- 

watts is the unit used below. 

P; . This coefficient is numerically equal to the power 
per unit of acceleration in electrical degrees per 
second per second at synchronous speed. Carry- 
ing through the conversion factors it is equal to 

2 
sles sen oe wlio 
p 
(W R?) = the moment of inertia in lb. ft. 
f = Frequency of terminal potential 
(cycles /sec.). 
p = The number of poles. 

P, . The numerical value of this coefficient is approxi- 
mately equal to the power per unit rate of change 
of angle in electrical degrees per second, at 
synchronous speed (for small values of slip). 
That is 


Pi: Tae cl. Va 
360fs— 360f 1000r: 


where P; and s are taken from the slip-torque 
curve of the induction motor characteristic near 


Pre (approximately) 


synchronous speed. In this 
P, = The load in synchronous kilowatts. 
s = The corresponding slip (per unit). 


P,, . This coefficient is numerically equal to the steady- 
state pull-out synchronizing power. It is the 
maximum load that the motor can supply when 


this load is applied slowly. Itis given by 
p 2 BI eee : 
nm = 1000 z, (for a three-phase motor) 
where |V | = Terminal potential per phase. 


| E',’ | = Induced potential per phase. 
Ls = Synchronous reactance per phase. 


The three above coefficients determine the relative 
damping coefficient, k. 
Pa 
ven 
The probable values of k will be from 0.03 to 0.10, the 


larger value giving the best transient characteristics of 
the motor with respect to hunting. 


EXPERIMENTAL RESULTS 


Tests were made on a 5-kw. synchronous machine 
run as a motor to determine angle-time curves and 
power-angle curves following an abrupt change of load 
on the shaft. A d-c. generator on the same shaft fur- 
nished the sudden load by having a resistance load 
connected across its armature. Oscillograms showed 
that the time lag of this method of applying the load was 
negligible when compared to the relatively slow swing- 
ing of the synchronous motor. 

The synchronous machine was built for a sine-wave 
generator and it has a cylindrical rotor with a dis- 
tributed field winding. The coils that were not used 
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for the field were short-circuited so that the rotor was 
essentially symmetrical. 


TRANSIENT ANGLE-TIME CURVES 


A steady-state power-angle test of this motor showed 
that the pull-out power was about 16.0 kw., for the 
values of field current. that made the induced voltage 
equal to the terminal voltage. This determined the 
value of the coefficient P,, for the field current used in 
the tests that are described. 


rary 
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Fig. 6—CuRVES SHOWING THE ANGULAR VARIATION AGAINST 
Timp FoR A 5-Kw. Non-SaLient Pots Motor 


Integraph solutions in solid lines. Experimental values indicated by 


points 


Pee = 16.0 ky. 


Running the machine as an induction motor with the 
field short-circuited, data for a slip-torque curve were 
taken. The slope of this curve expressed in synchro- 
nous kilowatts per electrical degree per second is Pz and 
in this case had the value, 


P. = 0.0128 kw. per electrical deg. per sec. 

A retardation test determined the available power per 
unit acceleration from the rotating parts when the 
speed was synchronous in kilowatts per electrical 
degree per second per second. This was found to be: 
P; = 0.0041 kw. per deg. per sec.’ (at synchronous 

speed) 

The integraph solution, Fig. 6, is the result of solving 
the equation determined by these three coefficients. 
The equation of the machine for this problem is: 


O04 —— 6.0125. 


ad? 
dt? dt 

216.0 since6 = Po Prt (12) 

P., the initial load, was found to be about 1.3 kw. 

This was the windage and friction and the core loss of 

the three machines, the other synchronous machine 


being used to measure angular displacement.’ In- 


3. The angular displacement was determined by an oscillo- 
graph vibrator connected to measure the difference between the 
terminal voltage and the open-circuit induced voltage of this 
extra synchronous machine. This later e. m. f. was in phase with 
the induced e. m. f. of the machine being tested. 
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creasing values of Py, 1, were tried until the one that 
just did not cause instability was located. Oscillograms 
were taken for several values of load, both for stable and 
unstable conditions. Points from these oscillograms 
have been entered on the integraph solutions (Fig. 6) 
of the equation above. They show a very close agree- 
ment in the stable condition and check the point that 
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Fic. 7—OscibLoGRAMS FoR THREE SUDDEN LoaDs 


1. Relatively small load 

2. Relatively large load 

3. Load large enough to cause instability 
A, H, O = Zero line for field current 


B,I, P = Field current 
C, J, Q = Line volts 
D, K, R = Line current 


E,L,S = Angle volts 

F,M, T = Three-phase power input 

G,N, B = Zero line for power 
just causes instability within limits of experimental 
error. The specific oscillograms from which these 
points were taken are not reproduced in this paper, but 
the oscillograms in Fig. 7 are very similar to them. 

The sudden load that could be applied can be seen to 
be about (14.6 — 1.3) kw. from Fig. 6. The portion of 
the maximum synchronizing power that can be suddenly 
applied is equal to 

Py (14.6 — 1.3) 


P,, = ale Tet ee = 0.832 
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The relative damping factor for this machine is 
Pu .0128 
/ Py Pm oneZ0O041 3.16.0 
These values of k and P,/P, locate a point in Fig. 3 at 
which the initial load ratio is equal to 1.8/16.0 = 0.0818. 
Pe="ON8SISIP; 
This point compared with one obtained by interpolation 
between the curves for P, = 0.0 and P, = 0.25 Pn, 
shows very close agreement. 
TRANSIENT POWER-ANGLE CURVES 


The relationship between power and angle during the 
transient conditions following an abrupt change of 
shaft load were observed by the aid of a power oscillo- 
graph. Fig. 7 shows three of these oscillograms. 
Upon each is recorded field current, terminal voltage, 
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armature current, angle voltage, and polyphase power ' 


input. These tests were made on a 5-kw. sine-wave 
generator which had essentially the same characteristics 
as the machine used in the previous tests of angle 
against time. 

Oscillogram No. 1 in Fig. 7 shows the transients that 
occurred when a sudden load was applied by connecting 
the d-c. generator to a resistance load. The load was 
equal to about one-quarter of that necessary to pull the 
synchronous motor out of step, so the transients were 
similar to damped sinusoids. 

Oscillogram No. 2 shows the resulting transient when 
the load was large enough to cause the maximum angle 
to approach that which would result in instability. 
Points from this oscillogram are plotted in Fig. 8. 
The time interval between points is 0.1 second, the 
readings being taken every six cycles. Fig. 8 shows the 
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power-angle curve for the steady-state conditions also. 
The transient curve is approximately a plot of the sum 
of the two terms in the differential equation which give © 
the electromagnetic torque. These terms are, in terms 
of power, 


dé 
dt 


P,, sin 6 + Pg 


It will be observed that the experimental transient 
power-angle curve satisfies this equation. When load 
is first applied the power is the same as before since 0 is 


must initially be zero. There 


d 6 
unchanged and di 


is acceleration, however, which causes the angle, 0, 
ae ee 
to increase as well as to give the slip, ae ee value. 


Both of these terms will give torque in the same sense 
which makes the transient power-angle curve fall above 
the steady-state at first. On the return swing the slip, 


, is in the opposite sense. This causes the tran- 


6 
dt 
sient curve to fall below the steady-state, as will be 

noticed in Fig. 8. 

Oscillogram No. 3 shows the transients that follow the 
sudden application of a shaft load which is sufficient to 
cause the synchronous motor to fall out of step. Points 
one-tenth of a second apart are plotted on the steady- 
state power-angle diagram of Fig. 8. They show that 
the transient curve for the unstable case is always 
above the steady-state power-angle curve. The slip 
becomes large soon after the load is applied and then 
decreases to a minimum as the’ angle increases, the slip 
being proportional to the horizontal distance between 
successive time points. However, the slip does not 
reach zero and as the rotor swings still farther the de- 
creasing magnitude of the synchronizing torque causes 
an increase in the slip. 

For some slightly lower load the transient curve will 
just reach the steady-state curve. At this point the 
load will exactly equal the synchronizing power and 
equilibrium will exist. However, any change would 
result in either a loss of synchronism or a shift in angle 
back to the stable position on the rising portion of the © 
power-angle curve. Synchronism would be lost if the 
load became a little larger than the synchronizing power 
and the stable operating point would be reached if the 
synchronizing power were slightly the greater. 


DIFFERENTIAL EQUATIONS FOR OTHER TYPES OF 
SYNCHRONOUS MOTORS 

The integraph solutions and the test results that have 

just been given apply only to an idealized synchronous 

machine having a cylindrical rotor with symmetrical 

excitation. The integraph, however, is capable of 
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solving the differential equations for the more usual 
type of synchronous machine also. 

A cylindrical rotor machine with a single-phase field 
winding or a symmetrical field winding with unequal 
external impedances has a damping term which varies 
as a function of angle as well as being a function of the 
slip. Itis probably of the form 


Induction Motor Torque 


= P,[asin? (0 + a) + bcos? (8 + a@)] di 
where a is some small angle that is a function of the 
impedances of the machine and the slip. 

a and b are factors which are also functions of 
the rotor impedances and the slip. (For 
symmetrical excitation b = a = 1.) 

The salient-pole alternator has a synchronizing term 
of the following form 


Synchronous Motor Torque = P,, (sin 6 + c sin 2 6) 


where ¢ depends upon the direct and quadrature re- 
actances of the machine and upon the ratio of 
terminal potential to the excitation. 


The damping term of the salient-pole machine is 
probably similar to the damping of the unbalanced rotor 
machine which was previously given, since the salient- 
pole rotor is essentially single phase. 

Some problems of the types mentioned above have 
been solved on the integraph by graduate students at 
the Massachusetts Institute of Technology. Un- 
doubtedly further results will be published in the 
future using the more involved differential equations. 
However, as the complexity of the equations grows, so 
does the number of variables, thus making it impossible 
to resort to the same method as was used in this paper 
for reducing the number of variables and getting a 
general set of solutions. 


Appendix I 


DERIVATION OF ELECTROMAGNETIC TORQUE EQUATIONS 
BY THE METHODS OF SUPERPOSITION 


In any network whose parameters are not functions of 
the current, the current produced in any branch by the 
application of several electromotive forces to the network 
is the sum of the components current in that branch due 
to the individual action of the several e. m. fs. If this 
principle is applied to the synchronous machine when it 
is running without acceleration the currents in either 
the armature or field circuits may be considered as the 
sum of two component currents. The first component 
currents in both windings are those which would flow if 
excitation were applied to the field and the armature 
windings were short circuited, and the second are those 
which would flow if the field were short circuited and 
the desired potentials were applied to the armature. 
The first of these components are the direct exciting 
current in the field winding and the well knowr short- 
circuit currents in the armature windings which have a 
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frequency determined by the speed of the rotor and a 
magnitude which is practically independent of that 
speed. The second of these components are the cur- 
rents which flow when the machine is operating as a 
polyphase induction motor, or generator. The fre- 
quency of this component of armature current is that of 
the applied potentials and it is nearly independent of 
the acceleration of the rotor if this be not too great, and 
if the time constants of the stator and rotor windings are 
relatively small. The component in the field windings 
is of slip frequency. The advantage of having a field 
winding of the symmetrical polyphase type is evident, 
inasmuch as the reactions produced by a single-phase 
rotor winding, 7. e., the usual type of field winding, are 
somewhat more difficult to analyze. 

This method of analysis gives a clear conception of 
the component currents which flow in both armature 


Fig. 9—Vector Diagram oF A Non-SALIENT Poze SyYN- 
CHRONOUS GENERATOR WITH A SYMMETRICAL PotyPHase. FinLD 
WHEN RUNNING AT A CONSTANT SLIP 


and field windings of this type of synchronous machine 
when its speed is not synchronous. 

The analysis can be embodied in a vector diagram. 
(See Fig. 9.) The subscripts 1 and 2 refer to the 
armature and field respectively and the primes and 
double primes to the first and second components 
respectively of currents and potentials as described 
above. V is the applied terminal potential and EH,’ is 
the e. m.f. generated in the armature on open circuit 
by the action of the direct field current, I’. The e.m.f., 
E,", is that generated in the armature by the action 
of the second component of the field current, [2’. The 
potential vectors represent rises in potential in a given 
direction through the windings and the current vectors. 
represent the currents in the same direction through the © 
windings. The vectors drawn at the ends of the poten- 
tial and current vectors represent their relative angular 
velocities. Synchronous speed is taken as unity, and 
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the slip is represented by the letter s as usual. The 
armature axis is fixed while the field axis rotates at a 
speed of (1— s). The instantaneous values of the field 
and armature currents are determined by the projections 
of the current vectors on their respective axes. 


The electromagnetic torque developed by the action 
of a symmetrical polyphase current J; in the armature 
and a symmetrical polyphase current J, in the field is 
readily determined in the following manner. Let H; 
be the mutually induced e. m. f. in the first winding due 
to the rotating field produced by the current, I2, which 
flows in the second winding. The power developed in 
the first winding by the action of the current in it and 
this e. m. f. is the real part of E,. J;, where E;,, is the 
conjugate of E,, and the corresponding torque is this 
power divided by the relative speed of the rotating 
field with respect to the first winding. Since there are 
in our problem two component currents in the armature 
winding the expression for the electromagnetic torque 
is 


T eS E,.' I,’ E,,’ Te Be” ey 
ea es) (Tas) (1) 
- Ene Te 13) 
(1) 
: oe ye pees 
Notice that aeons is the open circuit armature 


e. m. f. when the speed is synchronous, also that J,’ is 
essentially constant. Thus the rotation factor (1 — s) 
may be changed to (1) if H,’ is understood to be the 
open circuit armature e.m.f. at synchronous speed. 
Hereafter this will be done. 

The first term in Equation (13) is the torque due to 
the short-circuit armature current when the field current 
is I’. It is always positive. The last term is the 
torque due to induction motor action when the field 
winding is short circuited and the desired potential, 
V, is applied to the armature. The second and third 
terms are the torques due to the interaction of the 
“synchronous” and “induction” currents. The sum 
of these two terms is simplified if it is noted that 


Ey," =V+1;"Z, (14) 
E , 
and I,’ = Z, (15) 
The sum of these two terms may now be written 
= E;,,’ ig VE Ey’ Ey’ gt (Z5ye (16) 
erie by (1) Z, (1) Z. 


In Equation (16) notice that V. equals V if this vector 
is drawn along the horizontal axis as shown in Fig. 9. 
The second term in Equation (16) is the synchronous 
torque under steady operating conditions. If the 
armature resistance is neglected, it can also be written 
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era AS Bere Se : 
in its most usual form as ——~————~ sin 8. icis 
positive when FE,’ leads V and negative when it lags. 
The first and third terms of Equation (16) if written 


with a common denominator are 
Bx, 1 Zs + Ey’ (,” ZN 
(1) Ze 


The torque represented by this expression (17) is small 
if the resistance in the armature and external circuit is 
small compared with the sum of the synchronous and 
external reactances. An approximate value can then 
be obtained by noting that J,” is roughly equal to 


(17) 


s 1 
v( pee j eal ) where s is positive for a speed 
2 8 


above synchronism and r; is the rotor resistance per 
phase. If this substitution is made the expression for 
this portion of the torque becomes, 


AA (1 185 
Ce =e; v6 


(1) |Z. |? 
§ Xs Ty 5 
i ( Ys ah Le ) sin o | 


where 7, is the resistance in the armature circuit, 
|Z, | is similarly the magnitude of the synchronous 
impedance, and | H,’| and | V| now represent the 
magnitude only of these potentials. It will now be 
seen that this portion of the torque is small compared 
with the synchronous torque if the slip, s, is small and 
the stator resistance is small compared with the syn- 
chronous reactance. The integraph solutions that are 
here reported were obtained by neglecting both this 
torque and that due to the short-circuit armature cur- 
rent. The accuracy of the results justifies this neglect 
in this and similar cases. 

The complete expression for the electromagnetic 
torque when the induction component of the stator 


) cos 60 


(18) 


s 1 
current is taken as V ( YS j ro ) is: 
2 : 8 


mth | gee pe tea 


BA te Ws 
Be Tae 
+ 7g )sin 0— Tyr cos 8) | 


Fes 


2H peel ee eee 
a eae ( ay sin 0 
T1 1 dé 
+ eos 6) 360f dt 
piney yrieo ag ” 
ie ia cher ee a> 
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1 d 0 
360 f dt 


The last term in this expression is the torque due to the 
induction motor action alone and since in the integraph 
solution a graph of the torque is used it is not necessary 
to take the approximate linear function as is here given. 

Since in this analysis the stator resistance is assumed 
to be negligibly small compared with the synchronous 
reactance the expression for the electromagnetic torque 
reduces to 


7h ye eer re 
ee ay im : 


where s = 


aia al eat 
Ge re pode 


The first term of the electromagnetic torque is a sine 
function of the angular displacement. The other is a 
linear function of slip (change of angle with respect to 
time) when referred to a synchronously rotating refer- 
ence. This second term has been shown to be the 
induction motor torque. The linear relation against 
slip is true only for small values of slip. 


(20) 


Appendix II 


Methods Used by the Integraph. The integraph is the 
result of several years of intensive development at the 
Massachusetts Institute of Technology by Dr. V. Bush 
and his associates. A general view of the integraph is 
shown in Fig. 1. This device adds, subtracts, multi- 
plies, divides, and integrates the variables of a dif- 
ferential equation continuously and at the same time 
takes into account the boundary conditions. The form 
of the equation need not be linear or the coefficients 
constant. In fact, the occurrence of the non-linear 
differential equation in so many problems was one of 
the chief motives for developing the integraph. 

The details of the electrical and mechanical con- 
struction will not be repeated here as. they are ade- 
quately treated elsewhere. However, the processes 
that the integraph uses and the operations of its various 
parts will be discussed with reference to the solutions 
made for this paper.*® 

Those who have employed ‘“‘point-by-point” methods 
of solving non-linear differential equations will recog- 
nize immediately that the integraph employs exactly 
the same scheme except that the integraph uses in- 
finitesimals, not increments. The method of solving 
a differential equation is quite straightforward and 
direct. ; 

The equation to be solved is of the following form: 


4. V. Bush, F. D. Gage, and H. R. Stewart, ‘‘A Continuous 
Integraph,” Franklin Inst. Jl., January 1927, pp. 63-84. V. Bush 
and H. L. Hazen, ‘‘Integraph Solution of Differential Equations,” 
Franklin Inst. Jl., November 1927, pp. 575-615. 

5. A somewhat similar problem considering a periodically 
impressed torque has been solved by L. Teplow on the integraph. 
General Elec. Rev., June 1928. 
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riClan re Neher Ae ta ae REET 
(ty + + sin @ = pe 


dt’ P,, 1 @)) 


To see how this is solved on the integraph it can be put 
into an integral form by transposing and integrating 
twice, giving, 


| Seeman 


Po Py : d @ ae 
a= f Sz +<* 1-sing—k-T) dt dt’ (22) 


m 


The integraph has four movable platens as may be 
seen in the schematic diagram, Fig. 10. Platen 1 bears 
the resultant curve and it is moved continuously by the 
small synchronous motor. Upon platen 2, which is 
also driven continuously at a constant speed, is placed 


: BP o ds L : : 
the function, ( pee 1 ) asafunction of time. 


m zB. 
The potentiometers (see the photograph, Fig. 11), are 
directly above platens, 1, 2,and3. The pointers on the 
potentiometer sliders are made to follow the curves 
under them by turning the knobs or pushing the sliders. 


Fig. 11—PuHorograrH OF A POTENTIOMETER SHOWING THE 
PoInTER wHIcH 18 MapE TO FOLLOW THE CURVE ON THE 
PLATEN 


In this manner a voltage is obtained which is propor- 
tional to the term of the equation represented by the 
function on the platen. Thus the pointer above platen 


Ps 
2 is made to follow the constant value P until the 


1é 
discontinuity, —— 1, arrives, at which time the 


operator following the curve immediately shifts the 
pointer to the new value. In case any other load con- 
dition was of interest then that function would be 
plotted on the platen. It is of particular interest to 
note that any curve can be used whether it can be 
easily written mathematically or not. 


2 oo eb & 
Returning to Equation (22), the term (> + = 1) 


has two other terms subtracted from it. These are 
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6 
be dt’ and sin 6. Both are functions of the result, 0. 
These terms which are functions of the answer, 0, are 
introduced into the solution by ‘“back-coupling,” 
that is, the mechanism which records the result, 0, and 
its first derivative, d 0/dt’, on platen 1 simultaneously 


Fie. 12—View or THE ELECTRICAL AND MrcHANICAL 
INTEGRATING Devices, Atso THE Back-CourLting AR- 
RANGEMENT 


gives platens 3 and 4 displacements which are propor- 
tional respectively to these quantities. The dia- 
grammatic drawing of the integraph, Fig. 10, shows how 
this back-coupling is accomplished, by the use of 
bevel gears and rack and pinion drives. 


INTEGRAPEL SOLUTION DC. 


OF B+ KB + SING = AGL 
oR O= = [lavas sie) dt dt 


A+rBl-K Ze - 


2 = 


FLATEN 4 PLATENS 


Fig. 
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d 0 } : : 
k ae: This voltage is connected in series with the 


voltage from platen 2 which represents the term 


Ey: fot 
el dea 


potentiometer above platen 3 is proportional to the 
damping torque or the induction motor effect that 
opposes a change of speed from synchronism. 

Platen 4 is back-coupled to the result on platen 1. 
This gives platen 4 a back and forward movement such 
that its displacement is always proportional to the 
value of 6. The differential equation shows that a sine 
function must be plotted on this platen because the 
synchronizing torque term is a sine function of the 
angular displacement. The voltage from the poten- 
tiometer is connected in series with the voltages from 
the other two potentiometers that are proportional to 

d 6 Pr Py : 
k ae and Pa + ike 1, care being taken to have the 
relative polarities correct. 

The total voltage from the three potentiometers 1s 
proportional to 

Py 


(ar 
Pilots 
for all values of time, angle, or rate of change of angle 
with respect to time. 

The watthour meter multiplies this voltage by a con- 


stant and then integrates the product with respect to 
time. The number of revolutions of the watthour meter 


1. The value of the voltage from the 


us Aaa 
1)—k 77 — sine 


INTEGRAT/NG 
LSC Ce WHEEL 


2 
OT 


CLATENM / 
RESULT 


10—Scuematic D1AGRAM OF THE INTEGRAPH SHOWING THE MerTuHop oF SoLvING THE DirFERENTIAL EQUATION OF A 


Syncuronovus MacuineE 


Upon platen 3 is plotted a straight line which has a 
slope depending upon the particular value of the co- 
efficient k. As platen 3 moves back and forth its 
displacement always being proportional to d 6@/d t’ 
the potentiometer gives a voltage proportional to 


is proportional to the first integral of the voltage or to 
dé 

its 
also operates the second integrating device which is a 


This quantity is back-coupled to platen 3 and 


April 1930 


mechanical integrating disk. The result of the second 
integration is proportional to the angular displace- 
ment, 0, which is recorded by the pencil on the re- 
sultant platen No. 1. The various proportionality 
factors mentioned above are constants of the integraph 
which can be evaluated by a single calibration run. 

The driving and integrating mechanisms are shown in 
Fig. 12. The resultant platen has been removed so 
that the back-coupling mechanism may be seen. 


Appendix III 
CALIBRATION OF THE INTEGRAPH 


In general there are two methods of calibrating the 
integraph. The first consists of solving an equation on 
the integraph which can also be easily solved ana- 
lytically. By comparing these two solutions the scales 
are determined, suitable scales being found by trial and 
error. The second method makes use of two funda- 
mental constants of the integraph and the approximate 
magnitudes of the variables in a computation of the 
gear ratios which will result in suitable scales. The 
first method was used for this problem. 

A linear second degree differential equation was used 
to determine the time scale on the result platen and the 
slip scale on the platen which moves proportional to 
d 0/d t (see Fig. 10). 

An equation that was used is given below 

Opie 6 
emaroOmie 


for which the solution is 


g = 45 (1 cos = ) 


The time required for one cycle of oscillation is equal to 


T. = 27 +/90 seconds 
The slip as a function of time is 


d 0 ed: 1 

—— = ().5 ./90 sin —= electrical degrees per second. 
di V90s 90 grees p 

of which the maximum is 


d 0 oe 
(—) = 0.5 \/90 = 4.75 electrical degrees per second. 


d t max 

For the solution of the equation on the integraph a 
straight line was drawn through the maximum of the 
sine curve and the origin on platen 4 (Fig. 10). This 


6 : 
90 of the differential equation. 
The platen which moves proportional to d 6/dt 
(platen 8, Fig. 10) was allowed to move as the solution 
was made but the potentiometer above it was set at 
zero. 

The various gear ratios and adjustments of the inte- 
graph were set by trial and error so that one cycle of the 
solution would be drawn to a convenient scale on the 
result platen. The length of one cycle of the result 


line is a plot of the term 
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was given a value of unity on the time scale. To get 
the time scale in seconds the scale must be multiplied by 
21/90 which is the period of the oscillation of one 
cycle. The maximum deflection of the platen moving 
as d 6/dt was marked as 4.75 electrical degrees per 
second. 
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NOMENCLATURE 


V = The applied potential to the armature. In all 
equations V is taken on the real axis and is 
thus a real number in all the equations. 

The induced e. m. f. in the armature due to the 
direct field current. 

The induced e. m. f. in the armature due to the 
“induction motor” current in the symmetri- 
eal field circuit. 

The armature current due to the HE,’ when 
V =0. This is the short-circuit current of 
the stator. 

The armature current due to V when HE,’ = 0. 
This is the stator current of the machine 
when run as an induction machine with the 
rotor short circuited. 

The direct field current. 

= The “induction motor’ current in the sym- 

metrical field caused by relative motion be- 
tween the rotating magnetic field of the 
armature and the rotor. 

I, = The armature current = [;’ + Pas tyeand 

I,” do not have the same frequency except 
when the rotor is in synchronism. 


Ey’ 


1 Dy 


If = 


I “iE = 


wl 
| 


I, = Therotorcurrent = I,’ + 1,2”. 

Z, = Synchronous impedance in ohms per phase. 

z, = Synchronous reactance in ohms per phase. 

r, = Armature resistance per phase. 

r, = Equivalent symmetrical rotor resistance per 


phase (referred to the stator). 


s = Slip = where w, = synchronous speed. 

- «w = speed of the rotor. 

(1) = Speed. The brackets indicate that the num- 

ber which they inclose is proportional to 
synchronous speed. 

7] = The angle between the applied terminal po- 


tential, V, and the induced e. m.f., E41’, in 
the armature, in electrical degrees. 
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The rate of change of angle with respect to 


d 6 
If —,— is to be expressed in electrical 


time. di 


degrees per second as is done in this paper, 
it is related directly to slip by the equation 


d 0 

Orie (860 f) 
since (360 f) is synchronous speed in electrical 
degrees per second. 

= The acceleration of the angle. The unit used 
in this paper was the electrical degree per 
second per second. 

The coefficient which multiplied by the ac- 
celeration gives the synchronous torque due 
to the inertia of the rotor. The unit here is 
the kw. per electrical degree per second per 
second. 

The coefficient which multiplied by the rate of 
change of angle gives the synchronous torque 

. due to the induction motor effect of the 
induced field currents. ‘The unit used is the 
kw. per electrical degree per second. 


The maximum power output for slowly ap- 
plied load in kw. 

The moment of inertia in lb. ft.” 

= A coefficient which multiplied by acceleration 
gives torque. 

The frequency of the uoligee applied to the 
armature. 

The number of poles. 

be The electromagnetic torque. 

The load torque. 

= The load on the shaft of the motor in syn- 

chronous kw. 

= The initial steady-state load in synchronous kw. 

= The load that is suddenly applied in synchro 
nous kw. 

Heaviside’s unit function. 


= 
t 


ac) 
3 
ll 


Ss Cx = 
2 
ll ll | J 


ll 


° 
| 


ha aves S 
| 


rs 
| 


—_ 
ll 


bs oh ae 
Vela hde 
In order to use properly use the solutions of this 
paper the units for calculating k must be in 
terms of electrical degrees. 

z. = An arbitrary variable selected so that the form 
of the differential equation of all sizes of 
motors correspond, thus reducing the num- 
ber of variables. 


> 
I 


The relative damping factor = 
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Discussion 


R. H. Park: I wish to say that we are fortunate in having 
this paper presented to us. I feel that it is exceedingly valuable, 
and that through an extension in the assumptions its usefulness 
may be increased. As it stands, however, it provides a solution 
of a particular type of equation which undoubtedly will apply 
to a large number of problems other than the particular one 
mentioned. 

In the beginning of the paper Mr. Hdperton mentions the 
fact that the time constants in the rotor are assumed to be 
very fast. The same equation will apply if the time constants 
are assumed to be exceedingly slow. If we say that the field 
has zero resistance, the synchronizing torque term becomes the 
transient synchronizing power instead of the steady synehroniz- 
ing power. 

In the company with which I am associated we have made use 
of the solutions which have been developed and particularly 
we have made use of the chart shown in Fig. 3, by means of 
the artifice just mentioned; that is, we have replaced the steady 
synchronizing power by the transient synchronizing power and 
used the same curves to determine the load that can be thrown 
suddenly on a synchronous motor. 

There is one problem of considerable importance which might 
form the obvious extension of the method shown here. I refer to 
the question of evaluating the usefulness of high-speed excitation. 
We have been trying by various calculations and tests to deter- 
mine what is an optimum value for exciter speeds, in an effort to 
compromise between a desirable increase in stability and the 
undesirable effects of increased short-circuit current. These 
investigations have suffered from the fact that the machines 
tested are too small and their time constants are unduly small. 
The calculations have been exceedingly difficult, and it has been 
impossible to arrive at amy very satisfactory conclusion. Now, 
I believe that the integraph is being extended so that more 
general equations can be handled, and when it becomes possible 
to treat fourth order equations, we should be able to investigate 
the problem that I have mentioned. 

I. H.Summers: [recently had occasion to use the integraph 
at Massachusetts Institute of Technology to draw some two 
hundred and twenty-five curves in the solution of the same 
equation for which a solution is given in this paper except that 
damping was neglected. In doing this a record was kept of the 
amount of time consumed, compared to doing the same work by 
step-by-step methods of integration. It turned out that the 
man hours per curve for the curves done on the integraph were 
somewhat less than one-third of the porespanding figure for the 
ealeulated curves. 

H. E. Edgerton: The ike and tabulations of our paper 
are limited to cylindrical rotor synchronous machines having 
symmetrical field circuits. These'“limitations were necessary 
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in order that number of variables of the problem could be reduced 
to three. This reduction of variables, accomplished by putting 
the equation into a dimensionless form, allowed the charts and 
curves to be general, that is, they apply to all sizes of machines. 
I mention this to emphasize the fact that the integraph did not 
impose the limitations. We have used and are using the inte- 
graph to solve the equations of salient pole machines and of 
machines having unsymmetrical field circuits. 

A new integraph, entirely mechanical in principle, is at present 
being constructed at the Massachusetts Institute of Technology 
by Dr. Bush and Mr. Hazen. There will be six integrating 
stages on this integraph. Certain types of differential equations 
of the sixth order and involved differential equations of lower 
order than the sixth will be solvable. The present integraph, 
used for the solution of the problem in this paper, is limited to 
second degree differential equations. 

I do not believe that the detrimental effect of a large moment 
of inertia upon the damping of a system has been emphasized 
before. To increase the moment of inertia means a slower 
oscillation of the rotor during load to transients and a reduction 
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of the. relative damping coefficient proportional to the square 
root of the moment of inertia, (see Fig. 3). However, large 
inertia is beneficial because the slow swinging gives the excitation 
systems more time to act. Also large inertia is necessary when 
slow governors are used, as on hydraulic turbines, to avoid 
excessive speeds when load is suddenly dropped. 

Those who are interested in the problem of pulling into step 
of a synchronous motor which has been started as an induction 
motor will find of interest a paper by Mr. F. J. Zak and the 
writer, which has been accepted for publication by the Institution 
of Electrical Engineers, (London). This problem depends upon 
the same differential equation as used in this paper on the sudden 
load, but with different boundary conditions. 

The integraph fills a gap in the computing devices which 
engineers have at their disposal. It will solve difficult differential 
equations which involve parameters and functions which may 
only be representable by curves. Furthermore, the solutions are 
complete since they take into account the, boundary conditions. 
The integraph performs the various operations as dictated by the 
differential relationships and plots the result as a curve. 


Three-Phase Short Circuit Synchronous 
Machines— V 


BY ReESDOHEREY: 


Member, A. I. E. E. 


Synopsis.—This paper is the fifth of a series which the authors 
have presented on the subject of synchronous machines. Part I was 
an extension of the fundamental theory; Part II, a treatment of 
torque-angle characteristics under steady-state conditions; Part ITI, 
a study of torque-angle characteristics under transient conditions ; 
and Part IV, an analysis of single-phase short circuits. In the 
present paper, equations for the currents in the armature phases and 
field under three-phase short circuit are developed. 


The analysis is divided into three parts. The first covers the case 
of short circuit at no-load when the resistance is negligible in deter- 
mining the magnitude of the current although it must naturally be 
considered in finding the decrement factors; the second considers the 
same case where the resistance does affect the magnitude of the cur- 
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historical treatment of special cases of short 
A circuits was given in Synchronous Machines IV. 

It was mentioned there that the solution for 
three-phase short circuit of the cylindrical rotor ma- 
chine, under the assumption of negligible saturation, 
had been published by other authors. Dreyfus,“ 
Lyon,'* Shimidzu and Ito,’ Biermanns,* Bekku,” and 
Ku" have all given thorough mathematical ‘treatment 
of this type of machine. A general expression for 
current on three-phase short circuit, covering the case 
of salient-poles, was included in a paper by Park 
(Two-Reaction Theory of Synchronous Machines,'*» ) pre- 
sented at the 1929 Winter Convention. 


_ The advance over the authors’ previous studies of 
three-phase short circuits, which is made in the present 
analysis, is in its treatment of the salient-pole case. 
That is, the present analysis considers both cylindrical 
rotor and salient-pole machines, including the effect of 
load. 


ASSUMPTIONS 


1. Negligible Saturation. This assumption is, of 
course, a deviation from the practical machine. How- 
ever, as explained in previous papers of this series, the 
results may nevertheless be used with judgment as an 
approximation. 


2. The Armature Phase M.M.F. is Sinusoidally 
Distributed. This is practically true of most modern 
machines so that no appreciable error is involved 


*General Electric Company, Schenectady, N. Y. 
14. For numbered references see Bibliography. 


Presented at the Winter Convention of the A. I. H. E., New York, 
N.Y., Jan. 27-31, 1980. 


C. A. NICKLE* 


Associate. A I E. E. 


and 


rent; the third covers the case of short circuit under load when resis- 
tance is negligible as in the first case. 

T he effect of the nature of the load, 1. e., whether the power factor is 
lagging or leading, is studied and some interesting results are 
brought out. Itis shown that short circuits under load may give less 
current than at no-load, and it is further developed that under certain 
practical operating conditions it is even possible to obtain sub- 
stantially no fundamental current. 

The paper is illustrated with comparisons of calculated curves 
and oscillograms showing the actual currents obtained in test. Some 
of the interesting points concerning the nature of the short-circuit 
currents and the manner in which they are influenced by the design 
of the machine are mentioned in the discussion of results. 


on this score in applying the results to practical cases.* 

3. Only One Rotor Circuit. 'The machine is assumed 
to have only one rotor circuit, 7. e., the main field wind- 
ing in the direct axis. 


ParT I 


Part I covers the case of dead three-phase short 
circuit at the terminals of the machine. Only the 
internal resistance of the machine windings is involved 
and this is entirely negligible, in most cases, in deter- 


mining the magnitude of the short-circuit currents. 


The mathematical derivation of the equations, neg- 
lecting resistance, is given in Appendix A. The general 
method used is to set up the expressions for the mag- 
netomotive forces, A, and A,, in the direct and quadra- 
ture axes of the machine for any time ¢ after the short 
circuit occurs. This is done by summing up the 
m. m. fs. in each axis due to the phase currents, 74, 2, 
and 7., each total phase m. m. f. being multiplied by a 
function of time to obtain the component acting at any 
particular instant. The flux linkages in each axis are 
then determined from the expressions for Ag and A,. 
In the next step the total flux linkages in each phase 
are found. These expressions for flux linkages at any 
instant after short circuit are then equated to the known 
linkages which existed at the instant of short circuit. 


*T his assumption is equivalent to the following: 

(a) That the mutual inductance of the armature and field 
circuits is a first harmonic only with respect to the electrical space 
angle. 

(b) That the armature self and mutual inductance with 
respect to the field winding and other armature windings, contain 
only the zero and second harmonics. 

(ec) That the second harmonie of armature self-inductance is 
equal to the second harmonic of armature mutual inductance 
with respect to other phases. This follows from Equation (5), 
reference (15a). 
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This step is made according to the principle of con- 
stant linkages since the resistance is assumed to be 
negligible. The resulting three equations are then 
solved for the phase currents 7,, 7, and 7... This re- 
sults in expressions for the currents, each made up of a 
d-c. component, a positive phase sequence fundamental, 
and a positive phase sequence second harmonic. Each 
of these components actually exists only at the initial 
instant of short circuit and the next step is, therefore, to 
determine the decrement factors: which govern their 
decay. The positive phase sequence fundamental 
does not decay to zero but to the sustained value of 
current. This sustained current is found and sub- 
tracted from the expression for the’ fundamental 
component of the initial current so that the decrement 
factor may be applied to the remainder which decays 
to zero. To make the expressions for total currents 
hold true, the sustained current is then added so that 
the final expressions have four component parts, each 
in terms of e,, the terminal voltage existing before 
short-circuit, x, and x,, the synchronous reactances in 
the direct and quadrature axes, and «,’, the transient 
reactance of the direct axis. These expressions are: 


/ 
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An expression for the field current is obtained by 
finding the currents induced in the field winding by the 
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m. m. f. in the direct axis. Thisis found in terms of the 
currents 7,, 7, and 7,, whence the expressions given 
above are substituted to obtain the current in terms of 
€,,24,and x4’. The final expression is: 

La La— Xa’ 


eee ere COS. 
“a Ld 


ParRT II 


The results of Part I may be extended to cover the 
ease of a short circuit occurring through external re- 
actance simply by modifying the reactance coefficients 
of the machine. When the resistance is negligible the 
results will be accurate. It remains, however, to con- 
sider the case of short circuit occurring through external 
resistance which is not negligible. In the equations 
derived in this section of the paper, values of total 
resistance, including the internal resistance of the ma- 
chine windings, may be used. Hence, Part II con- 
siders three-phase short circuit with armature 
resistance. 

The effect of resistance is to cause the d-c. com- 
ponent and the second harmonic component which 


b= "e; 


Fig. 1—Vecror D1aGRAM OF A SALIENT-POLE SYNCHRONOUS 
Macuine SHort-CIRCUITED THROUGH EXTERNAL RESISTANCE 


appear in the short-circuit current to decay so rapidly 
that they have negligible effect on the total transient 
current. Therefore, an expression for the transient 
current on three-phase short circuit with armature 
resistance may be derived simply by determining the 
initial fundamental current from which the sustained 
current may be subtracted and a decrement factor 
applied to the remainder. This remainder plus the 
sustained current will then give an accurate expression 
for the total short-circuit current. This is only true, 
however, for a machine having a single rotor circuit, 
i. e., a field winding in the direct axis. When rotor 
circuits are present in the quadrature axis the expres- 
sion for total current becomes complicated. In this 
case the rotor current which sponstaneously arises in 
each axis will have two decrements since armature re- 
sistance, by displacing the armature m. m. f. from the 
rotor axes of symmetry, has the effect of furnishing 
coupling between the direct and quadrature axes of the 
rotor. 

In Appendix B it is shown how expressions for the 
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initial fundamental current and the sustained current 
may be derived from the vector diagram of the salient- 
pole machine. Knowing these components of current 
an equation is obtained for the total short-circuit current 
by adding to the sustained current the difference be- 
tween it and the initial fundamental current. This 
difference is multiplied by the field decrement factor. 
The result is the following set of equations which check 
test results remarkably well. ea’ is the nominal voltage 
in the direct axis before short circuit and r is the total 
armature resistance, internal plus external. The second 
harmonic and d-c. terms are not included, the justifica- 
tion for their omission having been given. 
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An expression for field current is obtained by finding 

the induced field current and adding to it the decre- 

ment factor which governs its decay. The total field 

current is given by adding the steady-state current to 

the induced current. This gives the result, in the 

terms of the same constants which have already been 
described, 


; Lq Ga — La’) 
eas [aest r+ xq’ Lq 
Part III 


Part III covers the case of a dead short circuit at the 
terminals of a machine which is running under load. 
This is similar to a no-load short circuit, the only dif- 
ference being in the initial conditions. When short 
circuit occurs a direct current spontaneously flows in the 
armature winding to maintain constant the entrapped 
flux. This current, and the second harmonic current 
which appears in conjunction with it, are independent of 
the fundamental of the alternating current. Conse- 
quently, the fundamental current, the direct current, 
and the second harmonic current, may be solved for 
separately. The direct current and the second har- 
monic current are functions of the flux entrapped in the 
armature and the machine reactances. Expressions 
for these currents have already been found in Appendix 
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A (Equations (13), (14), and (15) ) for a short circuit 
under no-load conditions. It is only necessary to sub- 
stitute the new value of the entrapped flux to make the 
expressions hold for a short circuit under conditions of 
load. The fundamental current may be found in 
simple fashion from the vector diagram for a salient- 
pole machine. This derivation is given in Appendix C. 
Having determined the total fundamental current, the 
sustained current is found and subtracted from it in 
order to get the transient component to which the field 
decrement factor may be applied. The total short- 
circuit current is then given by the sum of the sustained 
fundamental current, the transient fundamental cur- 
rent, the direct component, and the second harmonic 
current. This results in the following expressions, in 
which only two new constants appear, 2.¢., é:’, the 
terminal voltage in the direct axis before short circuit 
and 6, the displacement angle between the direct axis 
nominal voltage and the terminal voltage. 


Axis of Phase a 


Fig. 2—Vector DiaGraM oF A SALIENT-POLE SYNCHRONOUS 
MacuInE UNDER CONDITIONS OF BALANCED LOAD 
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The field current is given by the following expression, 
obtained by multiplying the direct axis component of 
the transient armature current by the difference be- 
tween the synchronous and transient reactances of the 
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DISCUSSION OF RESULTS 


Although the results are based upon the premise that 
only one rotor circuit exists, expressions covering the 
ease of machines having amortisseur windings can be 
developed. For instance, such equations will be 
obtained in the case of short circuit at no-load, where 
resistance is negligible, if the sub-transient reactances, 
a4’ and x,”, are used in the derivation instead of x.’ 
and x, These expressions are identical with those 
given in Appendix A, Equations (13), (14), and (15), 
except that x2’ and x,” replace x,’ and %,, respectively. 
It is immediately evident, from these expressions, that 
the second harmonic current depends upon the differ- 
ence in the sub-transient reactances of the direct and 
- quadrature axes and may be practically eliminated by 
the presence of a good amortisseur winding. 
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The expressions, in terms of the sub-transient reac- 
tances, give the maximum limit of the short-circuit 
current. This limit is never reached, in an actual 
case, since the current decrement has several com- 
ponents, some of which are of “‘high speed.” These 
“high-speed”? components decrease, to a large degree, 
before the first peak of the current wave has been 
reached. 

The determination of an exact expression for the 
current and its decrement is difficult. In the case of a 
short circuit occurring when resistance is appreciable, 
the armature m. m. f. will be displaced from the rotor 
axes of symmetry causing mutual coupling of the rotor 
circuits in the two axes. When a short circuit occurs 
under conditions of load, flux initially exists in the 
quadrature axis. In any case, where more than one 
rotor circuit is present in either axis of the machine, 
these circuits are mutually coupled, causing additional 
components to appear in the decrement. Exact 
expressions may be obtained through a solution of the 
differential equations of the various circuits as has 
already been shown.» Although these expressions 
have been developed, they are resorted to only when a 
particular case warrants their use. 

In the case of a short circuit occurring with the 
machine under load, it is interesting to note, from the 
equations of Part III, the effect of the nature of the 
load on the current. Consider a cylindrical rotor 
laminated machine with the following constants, 


éa = 1:00 gg! = 0.80 
¢ = 1600 Gah = 11200 
Then for an initial load of rated kv-a. at normal 
voltage the fundamental short-circuit current as a 
function of power factor is, 


P_.F ed’ r) Id ig’ t 
0 2.0 (0) £20 0. 4.33 
Lag t 11.50 1.94 15 0.966 0.259 4.18 
1.00 1.414 45 0.707 0.707 3.064 
Lead 0.50 OnSL7 (43) 0.259 0 966 1.123 
0 0 90 0 LO 0 


Thus in the practical case of a round rotor machine 
supplying the charging current of a line, it is possible 
to obtain substantially no fundamental current on short 
circuit. : 

It will also be noticed that for a unity power-factor 
load, the fundamental short-circuit current is less than 
for a short circuit at no-load. In the latter case the 
fundamental current would be e,/xa’ or 3.33 times 
normal. Hence, when the machine is initially under 
load, the total short-circuit current may be less than if 
the machine were carrying no load. 


COMPARISON OF CALCULATED AND TEST RESULTS 

Calculations and tests were made on a 15-kv-a., 
1800-rev. per min., 60-cycle, 220-volt, salient pole 
generator and a 20-hp., 1800-rev. per min., 60-cycle, 
110-volt induction machine. The four major per unit 
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coefficients (measured) for the 20-hp. machine on the 
basis of 4.3 kv-a., three-phase, 52 volts, line-to-neutral, 
are: 


gg =1:0° of = 0c058R teal. OMe ry 
The auxiliary coefficients are: 
r. = 0.0252 1, = 0.0248 pee haya te: 
oo = 0.238 o; = 0.360 
A 


Fig. 3—Transrent ARMATURE CURRENT IN PHAsE A ON 
BaLaNnceD THREE-PHASE SHORT CircuIT. APPROXIMATE ZERO 
Fiux Linxaces with Puase A (a = 80 Dra.) Rounp Rotor 
Macuine 


Curve A. Calculated curve 


Ourve B. Test curve 
Equation: 


ig = cos (tf +80) + 16.95 «9-36 feos @ +80) — 9.46 cos (f + 80) 


— 8.47 cos (2¢ + 80) 


For the 15 kv-a. alternator the corresponding per 
unit coefficients based on 5.78 kv-a., three-phase, 60.7 
volts line-to-neutral are: 


pb a0 ee = 0 151 

n= 0.428 gi! V0. 498 

y, = 0.0407 *. 4, t= tees 

gua 0. a8 o; = 0.0658 
a, = 1208.0 


A comparison of calculated and test results is shown 
in Figs. 3 to 16, inclusive. Each illustration shows: 

(a) Calculated curve from the equations of the paper. 

(b) Oscillograph record of test. 

(ec) Equation, with the numerical values substituted, 
from which the calculated curve was obtained. 

A careful inspection of each of the illustrations shows 
a close agreement between the calculated and test 
curves, even in the minute details. The magnitude of 
the instantaneous current in amperes may be obtained 
by multiplying the ordinates of any curve by the unit 
peak current obtained from the kv-a. base to which the 
machine coefficients are referred. 
circuit current may then be obtained by multiplying by 
the ratio of the normal ky-a. to the basis kv-a. The 
kv-a. base is chosen, in each case, so that the ordinate 
scales are marked with unit distance equal to the peak 
value of the sustained short-circuit current wave. 


The actual short-. 
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In this way the peak value of current on the chosen 
kv-a. base is the maximum instantaneous value of the 
sustained wave. 
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Appendix A 


THREE-PHASE SHORT CIRCUIT WITHOUT ARMATURE 
RESISTANCE 
At any instant after a three-phase short circuit occurs, 
certain currents will exist in the three phases, a, b, and c. 
Since no neutral currents can exist the sum of these 
currents must equal zero, 7. @., 
lath +t =o (1) 
Assuming that the short circuit occurs when phase 
a is ahead of the poles by an angle a, phase 6 by an 
angle (a + 2 7/3), and phase c by an angle (a + 47/8), 
then at any instant, ¢, after short circuit these angles are 
(a—t), (a+27/3—t), and (a+47/3—1) re 
spectively. 


Fig. 4—TRANSIENT ARMATURE CURRENT IN PHASE A ON 
BaLaNceD THREE-PHASE SHORT Circuit. Maximum INITIAL 
Fiux LinkaAGsEs witH Puass A Rounp Rotor MacuHine 


Curve A. Calculated curve 
Curve B. ‘Test curve 
Equation: 


ig =cost + 16.95 € —0.36 cost — 9.46 € —0.238¢ — 8.47 ¢€ —0.2381 cos 2¢ 


The m. m. f. in the direct axis is the sum of the com- 
ponents produced by 7, 7», and 2, or, 


2 
Awe 3g [te cos (a — t) + 2%, cos (a + 2 7/3 — bt) 


+ i, cos (a 4 7/3 — t) J (2) 
and in the quadrature axis ahead of the pole, 


2 
A,= 3 [7, cos (a—t—1/2) + 7, cos (a+2 1/8—t— 1/2) 
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+ i,cos (a +47/38—t— 1/2)] (3) 


Zo 
A,=3 [i,sin (w— t) + %sin (a + 27/3 — ft) 


+i,sin(a+47/3—1t)] (4) 
The m. m. f., Aa, being of a transient nature produces 
flux linkages in the direct axis, 


Fig. 5—TRransient ARMATURE CURRENTS FOR BALANCED 
THREE-PHASE SHORT Circuit. Maximum INITIAL ARMATURE 
Linkages witn Puass-B Rounp Rotor Macuine 

Qurves A. Calculated curves 
udations: Curves B Test curves 
ig = cost + 16.95 ¢ —9-36! cos (¢ — 120) + 4.73 € —0.2381 
— 8.45 €0-238! cos (2 t — 120) 
ip = cost + 16.95 ¢ —9-36! cos t — 9.46 € —0.2381 _ g.45 ¢ 0.238! cos 2: 
ig = cost + 16.95 ¢ —9-36 cos (tf — 240) + 4.73 ¢ 0.2381 
— 8.45 ¢ —9-238! cos (2 t — 240) 


2 
Waa = 3 %a' [ta COS (a—t) + ty cos (a + 2 7/3 — 2b) 


+ i,cos (a + 4 1/3 — t) | (5) 


and the m.m.f.,A,, produces flux linkages in the 
quadrature axis, 


2 
Yaa = g “alte sin (a — t) + i sin (a + 2 1/3 — t) 


+i,sin (a +47/3—1)| (6) 
Hence the total flux linkages in phase a are, 
ba = €oC0s (a—t) + Waa cos (a—t) + Waa sin (a—t) (7) 
in phase b, 
Yr, = eo cos (a + 27/3 — t) + aa COS (a + 2 7/3 — t) 
+ Yqasin (a +27/3—t) (8) 
in phase ¢, 
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y. = e, cos (a + 4 7/3 — t) + Waa cos (a + 4 1/3 -—t) 

+ y,.sin(a+47/3—1t) (9) 
where e, is the open-circuit terminal voltage before short 
circuit. 

In determining the initial short-circuit current re- 
sistance may be assumed equal to zero and the linkages 
va Ww», and y, must at all instants be equal to their 
values which existed at the instant of short circuit. 
Hence, 

Wa = @o cos (a — t) + Waa cos (a — bt) + Waa sin (a — ft) 
=e,cosa (10) 


vs = eo cos (a + 2 17/3 — t) + Waa COS (a + 2 7/3 — bt) 
+ Woo sin (a + 27/3—t) = eocos (a + 2 7/3) (11) 


py. = e cos (a + 47/3 — t) + Waa COS (a + 4 7/3 — t) 

+ Wo. sin(a+4 17/3—-t) = eo cos(a+4 m/8) (12) 
Substituting Equations (5) and (6) for Waa and Waa, 
gives three simultaneous equations in terms of the 
open-circuit terminal voltage éo and the currents 
ta, 4», and i,. To solve for the currents the relation (1) 
is used to obtain three equations in terms of 7, and 2.. 
Two of the three equations are chosen and the currents 
i, and i, solved for by determinants. 


A 
B 
Fig. 6—Transient Fretp CURRENT ON BaLANceD THREE- 
Puase SHort Circuit. Rounp Roror MaAcuHINE 
Curve A. Calculated curve 
Curve B. Test curve 
Equation: 


iy =1 + 16.95 ¢ —9-36! — 16.95 € —0.2381 cos t 


Then, 
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Gs ( ; An ) La’ — Lq 
ee cos (st ~éRinr gs. | Segara re a cos 
( 2 ee ) 14 
, lis 0 cles (14) 
c . Xa" Bi vq €o (t 
ta = — th — te = Co ae, wh cos a — i cos a) 
Mal = Bq ot (15) 
SEs ae cos ( a) 


Equations (13), (14), and (15), contain a d-c. com- 
ponent, a positive phase sequence fundamental, and a 
positive phase sequence second harmonic. 

Under sustained short circuit the d-c. component and 
the second harmonic will have decayed to zero. The 
fundamental component is proportional at each in- 
stant to the average value of field current or nominal 
voltage. Immediately after short circuit the average 


Fig. 7—TrRanstent ARMATURE CURRENT IN PHASE A ON 
BaLanceD THREE-PHase SHORT Crreurir. Minimum INITIAL 
Fiux LINKAGES wiTH PHase A. Satient Pote MacuHine 


Curve A. Calculated curve 


Curve B. Test curve 
Equation: 


ig = cos (t + 90) +5.37 cos (£+ 90) e —0.0658! 
— 2.02 cos(2 t + 90) ¢ —0-1773! 


value of nominal voltage is e, %2/xa’ and under sus- 
tained short circuit this decays to e,. Hence the sus- 
tained fundamental current in the armature will be 
xq’ /¢q times the initial value or, 


Co 
te = — —— cos (t= a) (16) 
Xa 
/ Co ( 2 ) 
b= Ay cos he ecseaay a (17) 
oe €o ( 4a \ 
ih fee cos hp ae 7 ) (18) 


The values given by Equations (16), (17), and (18) 
are subtracted from the fundamental components of 
Equations (13), (14), and (15) respectively and each 
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value is then added to the respective equation to main- 
tain its equality. The three resulting equations con- 
tain four components each, three of which decay to 
zero; the fourth component is the sustained current 
which is, of course, constant. If o, and oy are the 
decrement factors for the armature and field circuits 
respectively, the armature currents are given by, 


es 6g aha, eee 
fg pen el Ss ee 2 
OF — cos ({— a) + @ Pee cos (t— a) 
La’ + XLq pers Ga. — Xq —oa! 
= heap ge COSA cial coterath rape 
cos (2t— a) (19) 
‘ ( VR 2 ) ta — xd’ mee 
Opec GON (ty 82 — . or Qn nest cos 
(1 = ) al ta eas 
—-a-— 3 Co 2 a4! Lg cos 
VAS ) Le eee es SO 
(a+ 3 eg Q wa! L¢ € cos 
20 
(2 blo ae (20) 
3 
: é ( T ) vas eas —oyt 
te = . COSK Wi eamC 25 Co ek cos 
(: “ ) ta tee 
—a-— 3 "GG 2 x4! Lg € cos 
( Aw ) Tegraee —Cq!t 
Cote 3 ie Og tae cos 
4a 
(2 t—a-— mae ) (21) 


DECREMENTS 


Immediately after short circuit the average field 
current has risen from @, to @)%a/%a’. Since this in- 
crease in the field current occurs in order that the flux 
linkages of the field circuit remain constant, it follows 
that with the armature short-circuited the effective 
inductance of the field winding is x,’/x_ times its value 
when the armature is open-circuited. Hence, if J’, is 
the time constant of the field winding with the arma- 
ture open-circuited, the time constant under short 
circuit is, 

/ 


T; Ss Te 


lnsce oe 


The decrement factor for the field circuit is therefore, 
va 


Tp 7 Gof 


ay (23) 


where o.; is the open-circuit field decrement factor, 7. e., 
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R 


“ane (24) 


Coo = 
This is only true when the resistance of the armature 
circuit is small and when only one rotor circuit exists. 
The effect of armature resistance on the field decre- 
ment factor is mentioned in Part II and was discussed 
in Synchronous Machines IV. 


Fig. 8—TRranstent ARMATURE CURRENT IN PHasEe A ON 
Batancep THREE-PHASE SHORT CIRCUIT. Maximum INITIAL 
Frux LINKAGES WITH PHass A. SaLIENT-PoLE M AcHINE 


Curve A. Calculated curve 
Curve B. Test curve 
Equation: 


cost -+ 5.37 € —0:0658t eos t — 4.35 € —0.1773t _2 02 ¢ —9.1773t cos 2t 


For the armature circuits, on short circuit, the direct 
component exists in order that the flux linkages be 
maintained constant. It is thus a measure of the 
average magnetic reluctance with respect to the arma- 
ture. Hence, the average armature inductance is given 
by the reciprocal. From the derivation of Equations 


(19), (20), and (21) the direct component is: 
Las a Xq 
eames (25) 


times the per-unit entrapped flux. 
The armature inductance expressed as a fraction of 
normal inductance is then, 
Pa ee 
hate 26 
oe (26) 
The time constant under three-phase short-circuit 
conditions is therefore, 
2 ta" Lq 
PY Gi x,) 
Hence the decrement factor for the armature circuits 
ta (ta' + La) 
Zita Le 


To (27) 


is, 
C1. = (28) 

FIELD CURRENT 
The m. m. f. in the direct axis for the first few mo- 
ments after short circuit occurs is given by Equation (2). 
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As already shown (Equation (5c), Synchronous 
Machines IV) an m.m. f. of a transient character will 
induce currents in the field winding in accordance with 
the equation, 

AIl=-— Aa (La — Bin) (29) 
Substituting the expression for Az given by Equation (2), 


2 
AT Tihs (ca 24’) | i208 (2-1 


27 ; 
+ iscos (a +g 1) + i008 (a + 


(30) 
Substituting for 72, 7, and 7, from Equations (13), 
(14), and (15), 


Co (La — La’ 
AI = tae ae (1 — cos ft) (31) 
La 
The total field current is, 
Co (La — La’ 
l= eee Sali (1 — cost) + @ (32) 
La 
e Co (La— & 
= Cs “ 2 2 cos t (33) 
La La 


Fig. 9—TRaNnsieNT ARMATURE CURRENTS FOR BALANCED 
Turen-Puase SHortT Crrcurr. Maximum Inrt1AL ARMATURE 
LinKaGeEs with Puass-A SaLipnt-PoLe MacuINne 


Curves A. Calculated curves 
Curves B. Test curves 
Equations: 


| 
ise cost + 5.37 cost ¢ —9-0658! — 4.35 « —0.1773t 
7 — 2.02 cos 2t ¢ —9-1773 


in = cos (¢ — 120) + 5.37 cos @ — 120) ¢ —0.0658t 

+ 2.17 €—0.1773t 2.02 cos (2 t — 120) € —0.1773t 

ic = — cos (tf — 240) — 5.37 cos (f — 240) € —0.0658¢ 
4.2.17 ¢—0-1773t 4 2.02 cos (2t — 240) ¢ — 0.17731 


The alternating component of current in the field is due 
to the d-c. component in the armature and decays de- 
pendent upon the time constant of the armature. 
Hence, the final expression for field current is, from 
Equation (32), 


708 


e— La 
Te, € 
° ta’ 


—oat 


cost (34) 


Appendix B 


THREE-PHASE SHORT CIRCUIT WITH ARMATURE 
RESISTANCE 
Since the fundamental current is independent of the 
direct current and resultant harmonics, it may be de- 
rived separately. Considering the total resistance to be 
external to the machine, the vector diagram shown in 
Fig. I may be drawn. 


A 
B 
Fig. 10—Transient Fintp Current oN BALANCED THREE- 
Puase SHort Circuit. Sapient-Pote Macuine 
Curve A. Calculated curve 
Curve B. Test curve 
Equation: 
if =1.0 + 5.37 € —9.0658t _ 5.37 ¢ —0.1773! cost 
From Fig. 1, 
‘ eee Fae F 
ta =tsind = —— sind (1) 
: : Cy 
tq = 1c0s 6 = ~~ cos 6 (2) 
: Ci:XLa , 
€,cos 6 + 74%, = @g = €,cos6 + sin 6 (3) 
. C1 Lg mn 
eo = cos 6 = e, sin 6 (4) 


The nominal. voltage ez is equal to that existing 
before short circuit and the component induced by 
armature reaction, 7. e., by the current component 74. 
Hence, 


(5) 


Cima is 
ea = €q’ + ei sin 6 (Xa ae La’) 
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From Equation (4), 


La 
: (6) 


tan 6 = 


Solving (3), (5), and (6) simultaneously, 


ear JVrt+ x - 
phe aula a q 10) 
ae diet AP 
: €q’ r? + x,” 
‘i 58 Saee (8) 
7? tena 
; Rell agi LF Sc (9) 
Cnn 6 
4 pba eg 


The corresponding quantities under sustained short 
circuit may be readily obtained. by substituting syn- 
chronous reactances for transient reactances in the 
equations just derived. Then, 


eat Vr+2? 


e = —___4*_ 10 
ai Ae! et So 
, 2 2 

ih are es (11) 
? + tad, 


6g = 1a (12) 


Fie. 11—TrRansient ARMATURE CURRENT IN PHASE A ON 
BatanceD TureE-PHasre SHORT Crrcuir. ExTrerNAL ReEsis- 
TANCE IN EACH PuHasE HQuat To 13.2 Par Cant (rz) SALIENT- 
Poirt MacuiIne 


Curve A, Calculated curve 


Curve B. Test curve 
Equation: 


iq = (3.75 ¢€ —9.0488f + 1 008) sin¢ 


Expressions for the total currents in the three phases 
may readily be derived when armature resistance is 
present as the direct and second harmonic currents 
vanish quickly and need not be considered. The 
transient component of current is given by subtracting 
the sustained current, Equation (11), from the initial 
current, Equation (8). This transient current is 
multiplied by the decrement factor of the field circuit. 
The total current is then found by adding the sustained 
eurrent, Equation (11), resulting in the following 
expressions, . teftss . 
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a See ee] co ain 
—————— 
+ Bq Lg r+ LaXg 


ea V+ 2/7 
r+ XaX, 


sint (13) 


Fie. 12—Transient ARMATURE CURRENT IN Puase A ON 
Bautancep THREE-PHAsE SHORT CIRCUIT. EXTERNAL RgsESIs- 
TANCE IN EACH PHasE Equat To 46.4 Prr Cent (ag) SALIENT 
Poite MAcHINE 


Curve A. Calculated curve 


Curve B. Test curve 
Equation: 


ig = (1.086 ¢ —9-0219f + 0.969) sin! 


, 2 2 | 2. 
pee Vr + Xq (t= 3) 
1 + La Lq 3 
(14) 
ee pe ke 
: 7? + wa’ Lg 


wipes i Es. dete | en: sin (1- os ) 
r+ Lag 3 


-—- LOS Saisanedt sin (1 - pau ) 
r? + 2a %q 3 
(15) 
The corresponding field current is obtained from 
Equations (5), (6), and (7) giving, 
et i | 


The field decrement factor o; is given by the open- 
circuit field decrement factor multiplied by the ratio 
of the average field current, which spontaneously 
appears at short circuit, to the value existing immedi- 
ately before short circuit. This is purely a ratio of the 


Yq (%a— La) 


v2 + a! Xq ee 


I =e,'[ 1+ 
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open-circuit and short-circuit inductance of the field 
circuit, the theoretical basis for which is given in 
Synchronous Machines IV, Appendix H. Thus, 


¢, (La— La’ 
ee callie 
q 


r+ va’ x 
where o.; is given by Equation (24), Appendix A. 


Appendix C 


THREE-PHASE SHORT CIRCUIT UNDER LOAD 


When a three-phase machine is operating under con- 
ditions of balanced load the vector diagram of Fig. 2 
shows the relation between terminal voltage current, 
displacement angle, etc. 

When the machine is short-circuited, a new current 
arises in the direct axis.* The difference between this 
current and the direct component of the pre-short- 
circuit, steady-state, current arises suddenly and in- 
duces a rotor current corresponding to the increment 
in nominal voltage, 


Fig. 13—TRanstpnt ARMATURE CURRENT IN OnE-PHASE 
on BawLaNncep THREE-PHASE SHORT Crrcuit. EXTERNAL 
RESISTANCE IN EACH PHAsE EQuat TO 89.8 Per Cent (2q) 
SALIENT PoLtE MACHINE 


Curve A. Calculated curve 


Curve B. Test Curve 
Equation: 


ig = (0.300 ¢ —9-0143! + 0,788) sin 


Aég= (ta = 4a‘) (Ga = x3) (1) 
The fundamental armature current must be, 
; €d 
ta = La (2) 


*With only one rotor circuit no new current of fundamental 
frequency can arise in the quadrature axis. In the general case, 
where an amortisseur winding exists, a current i, will arise, 
however, inducing a rotor current, 

Aeég = Gq tg’) (tq — 4") 
The current 7, must be, 


ae Ca) is (ig — ty’) (Sq — Zq") 
‘ vq tq 
_ tq’ Gq — vou) ae re e,’ sin 5 
LQ" qd tq" 


This current is zero when tg = %q"- 
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i e,’ cos 6 ea’ | ois 
@a’ + (ta— ta’). @a— 2a’) 2 [ a, gh + ta’ | € cos 
(= eee (3) 
La 
27 ) 
ey =" (eee e/cos6 SS Mae ate (12) 
- , = ’ + ta (4) 
La La 


Considering the short circuit to occur when phase 
a is ahead of the poles by an angle a the fundamental 
current in phase ais, 


e,’ cos 6 


these acoaeaia) -[ oh + id! | SOR Eee NS) 


in phase b, 
‘ : 20 
tb = izcos ( t— a= =* ) 


- [Ae *. + ia! | cos ( t— a =r) (6) 


and in phase ¢, 


; 4 
izcos(t—a— =* ) 


-[ €,’ cos 0 a | ( = | 5 
=H Sener + ta’ |}cos| t—a— 3 (7) 


From Equations (16), (17), and (18), Appendix A, 
where the steady-state, pre-short-circuit nominal volt- 
age is now é,’ instead of e,, the sustained short-circuit 
current is, in phase a, : 


te 


(i cos (t— @) (8) 
in phase b, 

i Ca’ ( 2m ) 9 

= = cos| t— a— 3 (9) 
and in phase ¢, 

Ga! ( ese ) 10 

‘C= a cos | ¢-— a — 3 (10) 


Subtracting Equations (8), (9), and (10) from Equations 
(5), (6), and (7), and applying the decrement factor 
o, to the remainder gives the transient component of 
the fundamental current which decays to zero. The 
total fundamental current is then obtained by adding 
the sustained currents to the transient currents respec- 
tive of phase.. This results in the following expressions: 


ea’ 
ta = cos (f— a) 
é,’ cos 6 Fh ae React 
| Sr a + ia’ ]€~% cos (ta) (11) 
“La La 
: €a’ ( 20 ) 
Ty: Troe | 


‘ Ca’ ==) 
R= cos ( t— a 
Ya 3 
[ee eq’ | oe 
ee ities 07 ane cos 
(0 =* ) € 
is Ole 3 ( ) 
3: 
A 
3. 
B 


Fig. 14—Transtent ARMATURE CURRENT IN PHASE A: ON 
BALANCED THREE-PHASE SHORT CrrcuIT FROM Loap. MInimuM 
Inrr1AL ARMATURE LINKAGES wiTH PHASE A SaLient POLE 
Macuine Unity Power Factor Loap 

Curve A. Calculated curve 
Curve B! Test curve 
Equation: 
ig = 1.31 cos (t — 66.8) + 4.93€ —9-0658leos (f — 66.8) 


— 2.02 € —9.1773leos (2 t — 90) 


Spontaneously at short circuit a direct current flows 
in the armature to maintain the flux linkages which 
existed at the instant of short circuit. These linkages 
are always determined by the terminal voltage of the 


machine. In Appendix A, Equations (13), (14), and 
(15), the direct current was found to be 

ig’ ae Xa 

Ds pa Lo 


times the flux in the direct or quadrature axes of the 


particular phase considered, at the instant of short: 


circuit. In the case of a short circuit occurring when 
the machine is under load this flux is, e,’ cos 6, in the 
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direct axis, and, e,’ cos (6 + 90), in the quadrature 
axis, where 6 is the displacement angle between the 
field poles and the rotating flux. Considering the short 
circuit to occur when the axis of phase a is ahead of the 
pole by an angle a, the total fluxes linking the three 
phases are, 

@, = &'cosd cosa + e,’ cos (6 + 90) cos (90— a) (14) 


2 
ei! cos 6 cos (a + ) 


e& = 
aT 
+ e,' cos (6 + 90) cos ( 90 -—a-— ae (15) 
At 
6, = a1! cos 6 cos ( + sar 
A 
B 
Fig. 15—TRraNsrent ARMATURE CURRENT IN PHASE A ON 


BaLANnceD THREE-PHASE SHORT CIRCUIT FROM LOAD. Minimum 
Inrt1aL ARMATURE LINKAGES wITH PHASE A SALIENT PoLE 
Macutne. Zero Power Factor Leapine Loap 


Curve A. Calculated curve 


Curve B. Test curve 
Equation: 


ig = 5.37 € —9-0658lcos (¢ — 90) — 2.016 € —0.1773leos (2 t — 90) 


4 ) 

3 
Hence, the direct currents which flow in the phases, 
a, b, and c are respectively 


+ e,’ cos (6 + 90) cos ( 90 —- a-— (16) 


, a’ +2q 
le = — & ee cos (6 + @) (17) 
Ca +. 27 
ip ee inte cos (6 +a + ~~ ) (18) 
q 
, ta’ + Xq ( at ) 
ae ae —— 9 
OF et ee cos| 6 + a+ 3 (19) 


These direct currents hold the flux linkages constant 
in conjunction with a second harmonic current which is 
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due to the variation in armature inductance as the poles 
rotate. This variation is caused by the variation in 
reluctance of the magnetic circuit, including the increase 
in reluctance which is due to the short-circuited field 
winding. Equation (15), Appendix A, shows that the 
variation in reluctance is 

a! —— 


= 2t 
2x x, cos (2 t) 


in the direct axis. 


The variation in the quadrature axis, 90 deg. ahead of 
the pole, is obviously, starting at the same instant of 
short circuit, 

tq’ — 2 
_ ag ete cos (2 ft) 

Multiplying the variations in reluctance by the flux 
which exists in each respective axis at the instant of 
short circuit, results in the following expressions for the 
second harmonic currents, assuming that the axis of 
phase a is a degrees ahead of the pole when short circuit 
occurs. 


: P qn te iv. 
is Roa Naad es cos 6 cos (2t — a) 
Feds rekon a 
ee Fes cos (6 +90) cos (2fH-a+90) (20) 
eaters ( ‘ -— 
ly = 5 Tae cos 6 cos| 2t—a 3 
= cash cos (6 + 90) cos 
‘ PAS 
(31:-«+90- =) (21) 
, ; ta’ — La 5 (2¢ =) 
t= eh PO ee cos 6 cos re ee 
A Ly at deg 
Sy Sore ie cos (6 + 90) cos 
4a 
(21:-a+9-—") (22) 


The total current flowing on short circuit is then a 
summation of the fundamental current, Equations (11), 
(12), and (13), the direct current, Equations (17), (18), 
and (19), and the second harmonic current, Equations 
(20), (21), and (22). Adding these, with respect to 
phase, and applying the decrement factors o, and oy; 
gives, 


Ca’ 


cos (t— @) 


ta = 
d 
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/ 


/ 6 e 
ea : + ia’ | €-%cos (t— a) 


t,' % La 
' 
= '¢;' one e~°2' cos (6+ a) 
Re ieee e °* cos 6 cos (2t— a) 
So 237 ae 
hee ere —Taq! 6 90 
ean ft cos (6 + 90) 


cos (2t— a+ 90) (23) 


Fia. 
BaLANnceD TuReE-PuHase SHorT Crrovit rrom Loap, Minimum 
Init1An ARMATURE LINKAGES witH Puase A. Sanient PoLe 
Macuine—Laceine Loap—0.208 Power Factor 5 = 3.5 Duc. 


16—TRANsSIENT ARMATURE CURRENT IN PHasE A ON 


Curve A. Calculated curve 


Curve B. Test curve 
Equation: 


ig = 1.99 cos (¢ — 86.5) + 5.35 €9-0658! eos (¢ — 86.5) 
— 2.02 € —9.17731 eos (2 t — 90) 


€ an ) ero a 
Ta a ee ON: a € cos 
(eg e2t) yr tos 
+ a =F 3 =e; 2x4’ X, 
past 27h ) " La’ — Xo 
€ cos 8 cos ( 24 — a — CY er Dace, 


Ze 


cos (t- a - 3 ) 
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, 


é,’ cos 6 Ca : es 
ae ee + ia’ | e777 cos 


eae RL La 
(sae 
=a 3 — €; 2 ta x, € cos 
4a ) | are he ce an 
(o+a4 3 +e; oe ey € cos 6 cos 
(2 Sr) ogy AEs Freeman 
t—a- 3 — @ Date € cos(6 +90) cos 


4a 
(2 t—a+90-— eae ) (25) 

The decrement factors, 7, and o;, for the armature 
and field windings respectively are the same as those 
already derived for the case of dead short circuit under 
no-load conditions. They are, therefore, given by 
Equations (28) and (23), Appendix A. 

In order to satisfy the condition of continuity of cur- 
rent at the instant of short circuit, 7. e., the current 
cannot change in value without a lapse of time, putting 
t = 0 in Equation (23) must reduce the equation to the 
value of the load current at the instant of short circuit. 
Doing this results in, 

e,/ sind . 
ta = 1a’ COSA + sin a 

q 

=1,'co.a +2,’ sina (26) 
which is the value of the load current at the instant 
when short circuit occurs. 


FIELD CURRENT 


The induced field current is obtained by multiplying 
the direct axis components of the transient armature 
currents by the difference between the synchronous 
and transient reactances of the direct axis. That is, 
extracting the direct axis components of current from 
Equation (23) and multiplying by (a2 — 2x4’) gives, 


€,’ cos 6 


, € me 
vad 


Al = o-ae{ 


(%a’ = Lq) 


—Tqt 
€ cos t 
2a ie 


+ e,' cosd 


(ta’ + La) 
Tey Nek py ae Bae 


2 ta! i, (28) 


— e,’ cos 6 met CORt 

The direct and second harmonic terms of Equation 
(23) both represent m.m. fs. which pulsate over the 
poles in accordance with the variation, cost. This 
factor therefore, enters into the expression. Reducing 
(28) and adding the sustained current, e,’, gives the 
total field current, 


ca Dat 


; 67 —e,/ cond 
La 


I = ea’ + e,' cosd | 
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Lac Ca’ ! 
Fath: cae } ¢—%*' cost (29) 
d 
NOMENCLATURE 


All armature currents are expressed as fractions of the 
peak value of norma’ armature current. 


All field currents are expressed as fractions of the field 
current corresponding to open circuit, normal voltage at 
normal frequency. 

All voltages are expressed as fractions of the peak 
value of normal voltage. 

Time is expressed as a fraction of the time correspond- 
ing to one electrical radian at normal frequency. 

Reactance and resistance are expressed as the ratio of 
the voltage drop due to normal current to normal 
voltage. 


Aa = m.m.f. in the direct axis, produced by a 
balanced polyphase current. 

A, = the similar value of m. m. f. in the quadrature 
axis. 

e, = terminal voltage with the machine under short 
circuit through external resistance. 

e,’ = terminal voltage before short circuit with the 
machine under load. 

€. = open circuit terminal voltage before short 
circuit. 

éa’ = nominal voltage before short circuit. 

€a = nominal voltage when the machine is short- 
circuited. 

Aeéa = increment in nominal voltage due to the sud- 
denly induced field current when short 
circuit occurs. 

a = balanced three-phase armature current. 

i, = armature current in phase a. 

7, = armature current in phase b. 

i, = armature current in phase c. 

ia = component of short-circuit armature current in 
the direct axis. 

ia’ = armature current in the direct axis before short 
circuit. 

i, = component of short-circuit armature current in 
the quadrature axis. 

i,’ = armature current in the quadrature axis before 
short circuit. 

Hi = field current. 

AI = induced field current. 

l = inductance of the armature circuit, in general. 

L, = inductance of the field circuit with the armature 
open-circuited. 

r = total resistance, internal and external, of the 
armature circuits. 

Tr. = internal resistance of the armature. 

R= resistance of the field circuit. 

t = time (numerically equal to elapsed radians). 

T, = timeconstant of the armature circuits. 


time constant of the field circuit. 
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T.+ = time constant of the field circuit with the 
armature open-circuited. 

tq = three-phase, line-to-neutral, synchronous re- 
actance, direct axis. 

tq’ = three-phase, line-to-neutral, transient reac- 
tance, direct axis. 

x, = three-phase, line-to-neutral, synchronous reac- 
tance, quadrature axis. 

x,” = three-phase, line-to-neutral, transient reac- 
tance, quadrature axis. 

a = displacement between armature winding axis 
and axis of field pole at the instant of short 
circuit. 

6 = displacement angle of the direct axis nominal 
voltage from the terminal voltage. 

w = 27f,wheref = normal frequency. 

Y. = flux-linkages in phase a. 

¥, = flux-linkages in phase b. 

y. = flux-linkages in phase c. 

Waa = flux-linkages in the armature due to the m. m. f. 
in the direct axis. 

waa = flux-linkages in the armature due to the m. m. f 
in the quadrature axis. 

o, = decrement factors of the armature circuit. 

o; = decrement factor of the field circuit with the 
armature short-circuited. * 

oos = decrement factor of the field with the armature 


open-circuited. 
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Discussion 


L. A. Kilgore: In this paper the authors have treated very 
thoroughly the case of three-phase short circuit of synchronous 
machines without dampers. The majority of machines, how- 
ever, have damper windings or a solid rotor. 

As the authors have suggested, it is possible to substitute direct 
and quadrature subtransient reactances for the transient values, 
in Equations (13), (14), and (15), Appendix A, in order to 
calculate the components of current at zero time. To determine 
the decay of the difference between initial and transient currents 
it is necessary to know a subtransient time constant. This 
complicates the theory further, but it is necessary if we are to 
extend this method to determine the short-circuit currents within 
the first few cycles for machines with dampers. 

The method developed here for calculating three-phase short 
circuit from load has been used by the writer and has been 
extended to determine the current in the first few cycles for a 
machine with dampers. This can be done by adding a direct 
and quadrature axis subtransient currents to the transient cur- 
rents calculated by the method described. 

The components of the initial fundamental current are deter- 
mined by the flux trapped by the direct and quadrature axis 
dampers and may be calculated as follows: The direct axis 
component will be the direct axis component of terminal voltage 
divided by the direct axis subtransient reactance plus the direct 
axis component of load current. The difference between the 
initial direct axis current and the transient component decays 
according to the direct axis subtransient time constant. The 
quadrature axis component is the quadrature axis synchronous 
reactance drop divided by the quadrature axis subtransient 
reactance, minus the quadrature axis load current. This com- 
ponent decays rapidly to zero according to the quadrature axis 
subtransient time constant. The resultant current at any time 
is of course the vector sum of the direct and quadrature axis 
components. 

It is contemplated that the general method of calculating 
short circuit from load and some discussion of the effects of 
saturation will be given in a later paper. 

In applying the method developed in this paper it is necessary 
to evaluate the effects of saturation of the main magnetic circuit. 
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The effect on the initial values is negligible, and the effect on 
the sustained values can be readily calculated, but some judg- 
ment must be used in determining the effect on the rate of decay. 
I should like to ask the authors if they have a definite method of 
taking this factor into account. 

Sherwin Wright: The results of this paper are very interest- 
ing, and are given in a decidedly comprehensive ‘and concise 
manner. There is a characteristic difference between large 
and small capacity machines upon which I wish to comment, 
inasmuch as the tests and calculations were made on small 
capacity machines. 

Fig. 3 shows the transient armature current for a 20-hp. 
round rotor machine, where @ = 80 deg. (approximately zero 
flux linkages). The irregularity of this current wave is striking; 
it is due mainly to (rapid) decrement of the transient com- 
ponent (caused by induced field current) and to the second 
harmonic component, which is caused by direct current in the 
armature reacting on the field, which in turn reacts on the arma- 
ture to produce a second harmonic. 

The decrement factor o; of the transient component is the 
decrement factor of the field cireuit with the armature short- 
circuited. Incidentally, decrement factor is simply the recip- 
rocal of time constant. Now the decrement factor o, of a large 
machine with relatively low field resistance will be only a frac- 
tion of that of a small one, hence the transient component will 
last much longer in a large capacity machine. The second 
harmonic current depends, as the authors say, ‘‘upon the differ- 
ence in the sub-transient reactances of the direct and quadrature 
axes, and may be practically eliminated by the presence of a 
good amortisseur winding.” 

With the above items in mind, I wish to point out that a 
eommon example of a round-rotor machine, namely, a steam- 
turbine generator, will have a transient armature current wave 
quite different from that of the round-rotor machine tested. 
The short-circuit decrement factor for the turbine-generator is 
very much lower than that of the 20-hp. machine; hence the 
transient component of current lasts longer. The solid rotor 
(and its wedges) is in itself a good amortisseur winding, hence the 
second harmonic component is relatively small. The result of 
these two changes is that the current wave is not irregular as 
is the wave in Fig. 3. 

The general method of analysis used by the authors is of course 
applicable to the large steam-turbine generators as well as to 
the small round-rotor machine; however, it is thought that some 
of the differences between such types of machines, and the 
reasons for these differences, are worthy of note. 

C. A. Nickle: As pointed out by Mr. Wright in his discussion, 
the effect of a solid rotor in a turbine alternator is to make the 
subtransient reactance in the quadrature axis more nearly equal 
to the corresponding reactance in the direct axis than would be 
the case for a perfectly laminated rotor. This will of course 
reduce considerably the second harmonic currents which ac- 
company the d-e. component. 

A corresponding effect could also have been produced in the 
small round rotor machine cited in the paper by merely short 
circuiting the unexcited phase of the two-phase rotor. How- 
ever, this machine was used to illustrate an extreme case in 
order that the correctness of the equations derived in the paper 
might be more effectively demonstrated. 

The effect of saturation in the main magnetic circuit, as men- 
tioned by Mr. Kilgore, is to change slightly the initial short 
circuit current and also to reduce the short circuit time constant 
of the field circuit. Information concerning the magnitude of 
the effect of saturation on the short-circuit time constant is 
rather meager and, as far as the writer is aware, has not been 
satisfactorily evaluated. 
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Synopsis.—Surging has occurred on power systems whose trans- 
mission distance is small and load density high. The Duquesne 
Light Company of Pittsburgh, Pennsylvania, has experienced 
these surges. This paper outlines tests conducted to determine 
the influence the steam turbine governors have in starting or 
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ifs system of the Duquesne Light Company of 
Pittsburgh has developed periods of severe surg- 
ing on several occasions. During these surges, 
indications have been that one or more generators were 
out of synchronism for periods of time lasting from a few 
seconds to several minutes. These surges have some- 
times followed severe faults on the 66-kv. transmission 
system, the generators apparently drifting apart during 
the low-voltage period, resulting in severe surges during 
recovery of voltage and at other times have followed the 
loss of excitation due to exciter failure or regulator action. 

This condition is not peculiar, we are informed, to the 
Duquesne Light Company system, but is experienced 
on many others. Review of the experience of other 
operating companies.gives the reported causes of similar 
disturbances as loss of excitation, loss of a unit with 
absence of reserve capacity, and in one case as governor 
action. 

The Duquesne Light system (Fig. 1) has two major 
power stations located approximately 18 mi. apart. 
These stations are connected by a 66-kv. ring trans- 
mission system. Colfax Power Station of 260,000-kw. 
capacity supplies all of its output to the ring at 66 kv. 
This power is transmitted through the ring to various 
step-down substations which feed the distribution sub- 
stations at 22 kv. 

Brunot Island Power Station of 116,000-kw. capacity 
is located near downtown Pittsburgh. This station and 
the 66-kv. transmission ring are paralleled on an 11-kv. 
bus from which the power is distributed mainly through 
an 11-kv. cable system. 

At the time the tests outlined herein were made, the 
66-kv. busses at both Colfax and Brunot Island were 

tied together solidly. Later, 11-kv. synchronizing 

busses were installed at both stations. Since then, the 
north and south sections of the 66-kv. ring have been 
sectionalized at the power stations, the tie being made 
through the 11-kv. generator busses and the synchroniz- 
ing busses. 

The original turbine governors at Colfax Power Sta- 
tion were of the flyball type with a single oil relay ac- 
tuating the primary valve mechanism. A system 

*Part IV of a Symposium on Power System Planning. 

+Both of the Duquesne Light Company, Pittsburgh, Pa. 
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sustaining a surge condition. The conclusions assumed are: 
1. The governor system installed at Colfax Power Station will 
not start system surging. 


2. The governor system will not sustain load oscillations. 
* * * * * 


disturbance causing loss of a major portion of the Colfax 
load would result in the operation of the overspeed trips 
on the turbines, resulting in loss of the entire load. 

The governors at the Brunot Island Power Station 
are of the same type. Faults on a section near Brunot 
Island do not cause severe overspeeding, due to the 
large number of 11-kv. feeders and bus reactors pre- 
venting a major loss of load. 

The present governors installed at Colfax Power 
Station are the result of much experimental work on the 
part of the Westinghouse Electric & Manufacturing 
Company and Duquesne Light Company engineers. 
As a result of many load dumping tests,' the governors 
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were finally modified from the original type to the pres- 
ent type which consists of the flyball mechanism, an oil 
relay which in turn actuates a larger oil relay, giving 
the force to the mechanism of the primary valve. (Fig. 
2.) Oil accumulators were added to the governor oil 
system to insure an adequate supply of oil at constant 
pressure during the period when the primary valve 
relays were operating. The net results of these changes 
have been to reduce the load on the flyball governor 
when tending to correct the valve setting and insuring 
an adequate oil supply to carry through the movement 
required for a change in speed conditions. (Fig. 3.) 
The reduction of duty on the flyballs has resulted in a 
much faster and more accurate following of the speed 
changes, allowing the governors to hold the turbines 
below the limit of the auto-stop setting. 

During the course of several periods of severe system 


surging, the turbine operators have noted an apparent 
1. For references see Bibliography. 
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hunting of the governor mechanisms. This has been so 
noticeable at times that the operators have held the 
governor linkage and attempted by manual means to 
steady the surging. The governors having been made 
rather sensitive and in view of the observation of ap- 
parent hunting during system disturbances, it seemed 
reasonable and logical to determine if the governors 
were responsible or contributed in any way to sustain- 
ing or starting the surge conditions that have 
been noted. 

It was the purpose of the tests described in this paper 
to determine the effect of the governors during 
observed periods of surging. The following tests were 
set up to either reproduce or indicate the true action of 
the governors. 

The determination of the effect of the governors dur- 
ing periods of severe surging involved the knowledge of 
the natural period of oscillation of the governor system 
and the natural period of oscillation of the complete 
system. The first series of tests was conducted with the 

- view of determining the natural periods of the turbine 
governors, the second series, the natural period of os- 
cillation of the complete system, 7. e., the combined 
turbo generators and transmission system, and the 
third series the action of the turbine governors during a 
period of surging (pole slipping) of a main generator. 
During many of the severe disturbances, one or more of 
the main generators have been observed to be pole 
slipping or give indications which would lead one to 
believe that if the system had not been sectionalized 
pole slipping would have resulted. All of the tests were 
conducted at the Colfax Power Station. 

Colfax has ten generators ranging from 238,600 kv-a. 
to 48,500 kv-a. grouped in four units. Units No. 1 and 
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No. 2 each consist of a high-pressure turbine, exhaust- 
ing to two low-pressure turbines, each having a genera- 
tor of 23,600 kv-a. connected to it. The high-pressure 
turbine governor normally controls the load for the 
entire unit. Units No. 3 and No. 4 each have two single 
shaft turbo generators of 35,3800 and 48,500 kv-a. re- 
spectively, Unit No. 4 having the oil relay type of 
governor? (Figs. 4 and 5). 

Brunot Island has seven generators, five single shaft 
turbo generators having a capacity of 18,000 kv-a. each 
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and one cross compound of 47,200-kv-a. capacity. 
Each element of the compound unit is rated at 23,600 
kv-a. 

The natural period of the governor was found in the 
following manner. A turbo generator was loaded to a 
predetermined value varying from one-quarter to full 
load. With the load adjusted and all other conditions 
normal, the turbine operator would grasp the governor 
sleeve linkage and depress it until the load on the 
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Test on 3-B element, rating 35,300-kv-a., 85 per cent power factor, 
12,000 volts, 1800 rev. per min., governor regulation, 4 per cent, 40,000-kw. 
load dropped by opening the generator oil circuit breaker, zero time on 
curve. 

Load, 40,000 kw. 

Throttle steam pressure, 260 Ib. ga. 
Throttle steam temperature, 650 deg. fahr. 
Primary steam pressure, 252 Ib. ga. 
Secondary steam pressure, 248 Ib. ga. 
Tertiary steam pressure, 248 lb. ga. 
Vacuum, 28.09 in. 

Exhaust temperature, 80 deg. fahr. 
Governor oil pressure, 78.7 Ib. ga. 

Bearing oil pressure, 13.2 Ib. ga. 

Aux. spring setting, 31/; in. 

All (four) heaters and evaporators are out of service 


B—O1n Retay GovERNOR PERFORMANCE—LOAD DumpING TEST 


Test on 4-A element, rating 48,500-kv-a., 85 per cent power factor, 
12,000 volts, 1800 rev. per min., governor regulation 4.5 per cent. 45,000-kw. 
load drepped by opening the generator oil circuit breaker, zero time on 
curve 

Throttle pressure, 256 lb. ga. 

Primary steam pressure, 250 lb. ga. 
Secondary steam pressure, 246 lb. ga. 
Vacuum, 28.1 in. 

No. 1 heater steam pressure, 156 lb. ga. 
No. 2 heater steam pressure, 52.3 lb. ga. 
No. 3 heater steam pressure, 15 lb. ga. 
No. 4 heater steam pressure, — 21.3 in. 
Speed changer oil pressure, 32 Ib. ga. 
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machine had increased approximately 10,000 kw. beyond 
the load setting of the governor. The governor flyballs 
would then adjust themselves to counteract the external 
force applied and the primary valve would adjust itself 
to a new position. The release of this external force 
resulted in a change of position of the flyballs with a 
tendency to oscillate about their new position until a 
state of equilibrium had been reached. This change in 
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Fig. 


governor position reduced the amount of steam 
delivered to the turbine, resulting in a load swing on the 
generator. It was believed if this load swing on the 
generator and the natural period of oscillation of the 
turbine governor corresponded in the proper phase and 
time, it would be possible for such a disturbance to 
amplify itself to such a degree as to cause the generator 
either to pole slip or start severe surging of the entire 
system. 

An oscillograph was used to record the oscillation and 
power output of the various units during the test. 

Slide wire potential dividers were connected to the 
governor sleeves and primary valve pistons of all of the 
typical units in the station. The movement of the 
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various parts resulted in a change of potential across a 
circuit which being connected to an oscillograph ele- 
ment would properly record the increment. Other 
quantities recorded were single-phase output, bus volt- 
age, and field amperes of the generator under test. The 
set-up was so arranged that the action of the governor 
on one unit might be recorded on the same film with the 
corresponding reaction of the governors on the adjacent 
units, (Fig. 6). 

The results of these tests indicated that on Units No. 
1 and No. 2, the governor period varied from 100 to 185 
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cycles per minute and the load swing period from 80 to 
87.8 cycles per minute. Units No. 3 and No. 4 indicated 
an average period of 148 cycles per minute for the gover- 
nor oscillation and 62.2 cycles per minute for the load 
swing. The discrepancy between the period of the load 
swing for Units No. 1 and No. 2 and Units No. 3 and 
No. 4 can be accounted for by the difference in moments 
of inertia of the revolving masses. The moments of 
inertia of 1-B and 2-B are 220,800 Ib. ft.,2 3-A and 3-B 
have a moment of inertia of 560,000 lb. ft.,2 and 4-A and 
4-B have moments of inertia of 586,000 Ib. ft.? 

The ratio of the governor period of oscillation to the 
load oscillation for units 1 and 2is 1.45 to1. For units 
3 and 4, the ratio is 2.3 tol. In order for one system to 
support an oscillation in another system, the two must 
be in resonance, that is, have the same period; also, the 
two oscillations must have a phase displacement of 180 
deg. This condition can be met on the turbine if the 
natural period of the governor is the same as the natural 
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period of the rotor and the time lag between the gover- 
nor action and the effect of the steam on the rotor equals 
one-half of this period. If it is assumed that the gover- 
nors oscillate at their natural period, the effect on the 
turbine due to the variation in steam flow would not 
tend to sustain oscillation of the generator output, due 
to the difference in frequency between the governor and 
rotor periods. Also the tests indicate that the governor 
mechanism comes to its position of equilibrium after an 
impulse within one and one-half cycles of governor 
oscillation. (Fig. 7.) 

The second series of tests was devised as a means of 
checking the natural period of the complete system. A 
device was constructed and installed on element 3-B 
which replaced the link between the primary valve oil 
relay and the link from the governor oil relay. This 
arrangement allowed the primary valve to be moved 
from one extreme to another independent of the gover- 
nor setting or condition on the governor system. It was 
believed that if a load oscillation having the same fre- 
quency as the complete system could be established on 
one of the main units, surging would result and could 


718 


be readily recorded. The possibility of introducing a 
surge on the system such as might result in a major 
disturbance was considered. To avoid this, the oscilla- 
tor mechanism was constructed so that both the load 
swing and the frequency of the swing could be manually 
controlled. The test was conducted by introducing a 
load swing of approximately 10,000 kw., the frequency 
of this swing being varied from 30 cycles per minute to 
over 130 cycles per minute. 

The same set-up records were obtained on this test 
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as on the previous one. In addition, oscillograph re- 
cords were made of transmission line current and phase 
angle between the two generating stations. It was not 
possible to create sufficient disturbance to oscillate the 
system. However, the tests did indicate that the gen- 
erator output closely follows the steam input from low 
frequency until the variation in the primary valve 
movement reaches a period of 60 to 70 cycles per min- 
ute. Above this frequency, the amplitude of the swing 
decreases until at approximately 100 cycles per minute 
the steam variation becomes too fast to effect the output 
(Fig. 8). This point checks the statement made as a 
result of the previous tests that if the governors did 
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oscillate, their period would be too fast to have any ap- 
preciable effect on a load swing. 

The third series of tests was conducted to determine 
the governor action during pole slipping of a main unit. 
The resulting system disturbance was recorded with 
records of field amperes, field voltage, stator amperes, 
single-phase watt output, transmission line current, 
high-tension bus voltages, phase angle between generat- 
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ing stations, and governor action on adjacent units. 
The pole slipping was accomplished by adjusting the 
field current until the generator at full rated load, had 
unity power factor. The field was then gradually low- 
ered by means of the face-plate rheostat until the 
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Fig. 9—Curves OBTAINED FROM POLE-SLIP TEstT 


current from the stator tended to increase at a rapid 
rate, indicating the start of a pole slip. The field was 
then given a slightly lower value and all adjustments 
discontinued. Approximately 14 to 14% of the field 
rheostat was in series with the field during the pole 
slipping. In every case of this nature, the first pole slip 
would take place very slowly, then there would be an 
appreciable time or interval during which no surging 
would occur, then a second slip would take place. The 
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third slip would occur at a shorter interval, the period 
gradually decreasing, (Fig. 9). During operations of 
this type, strengthening of the field during the period of 
steady operation resulted in the machine’s pulling into 
step and remaining in step. It was also found, by trial, 
that tripping the turbine throttle allowed the generator 
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to pull into step. The torque produced by the turbine 
having been removed, the generator synchronizing 
torque notwithstanding its weak field, was sufficient to 
pull the rotor into step with the system and continue 
to operate in synchronism. - Two factors were deter- 
mined, first, that a large turbo generator out of syn- 
chronism may be pulled back onto the system without a 
reduction in throttle setting by carefully increasing the 
field current at the proper time, provided the surging 
has not become too rapid. Second, that a generator 
which is pole slipping may clear itself of that condition 
if the turbine torque is removed or reduced. 


The records taken of these tests were with the same 
oscillograph set-up used for the second series of tests. 
In addition, recording wattmeters, ammeters, and volt- 
meters were installed on a common panel, high-speed 
motion pictures being taken of the assembled instru- 
ments. From a technical standpoint, little could be 
gained by attempting to analyze the performance of 
indicating meters. It is well known that the values of 
surge current are so high and the frequency is so rapid, 
that the meters do nothing but swing back and forth 
from zero to perhaps full scale. However, during 
periods of surging, meters are the only indication the 
operator has to tell him what is happening to the equip- 
ment. Therefore, it seemed advisable to take the 
motion picture records and to compare the visual ob- 
servations of the operator with the oscillograph records. 
The oscillograph records substantiated observations, 
proving that during pole slipping, the power factor 
changes from lead to lag. ‘This is true of a distributed 
field turbo alternator and is caused by the induction 
generator effect which prevents the power output from 
approaching zero during pole slipping conditions. 


Of the records obtained during the pole slipping tests, 
those showing the angle between the rotor and the field 
of the stator are of interest. (Fig. 10.) An analysis of 
this displacement angle gives an indication of the rate of 
change of speed of the rotor during the pole slipping 
period. Also, when compared with the kw. output from 
the stator and the position of the primary valve, it gives 
a very definite indication of the true governor action 
during pole slipping of the unit. 


From the oscillograph records, it appears that there 
is a positive power output at the time of maximum slip 
or differential velocity between the stator field and the 
rotor, and at this instant, the governor valve is at its 
minimum opening. The maximum power output, how- 
ever, occurs at the instant the rotor passes through its 
next in phase position. At this instant, it is seen that 
the governor valve is just beginning to open. This con- 
dition indicates that the governors on the turbines 
follow the speed changes caused by pole slipping and 
attempt to reduce the steam input. Therefore, it seems 
that the governor by reducing the torque, will allow the 
generator to pull back into step and attempt to recover 
its load, but if at this instant, the cause of the original 
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disturbance has not been removed, the generator will 
again poleslip. 


CONCLUSIONS 


The period of the governor oscillation and the load 
oscillation on the generators do not have a time phase 
that would sustain a surge. 

The natural governor period is fast enough to elimi- 
nate the effect of the variation in steam input on the 
load output. 

The governors are sensitive enough to hold the tur- 
bine from overspeeding and tend to check the speed of 
the turbine during a pole slip. 

The above conclusions are based on observations 
during a staged test. From these tests it seems fair to 
assume that on the turbo generators at Colfax, the 
governor oscillation can have no effect on the load out- 
put and the oscillation frequency of the load and gover- 
nors are so far apart that the governor will not assist in 
sustaining a surge. 
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Discussion 


W.P.Dryer: This paper, together with a preliminary article 
bearing on the same subject written last year by Mr. Purcell, 
sheds a welcome light on a somewhat hidden aspect of power 
system stability, the governing characteristics of large steam 
turbines during disturbances,—an. aspect of system stability 
which hitherto has had little illumination. 

After investigating during a period of some years the reports 
regarding the performance during system surges of the large 
steam units in this country, and after personally watching in 
actual service the governing actions of many such units during 
violent load changes, it became apparent to me that in times of 
such disturbances, there were going on at the steam end of the 
machine, governing changes that were somewhat analogous to the 
electrical transients occurring simultaneously in the alternator. 
In both cases unbalanced and fleeting conditions arise when a 
disturbance is made of an equilibrium previously existing between 
energy supplied and energy required. In the alternator a 
fugitive voltage develops and in the turbine, a fugitive speed. 
The characteristics of both transients are functions of time | 
constants inherent in the design of the apparatus and are 
functions of the changes in energy. 

On account of the similarity of those actions, I aaa nite the 
governing processes going on during violent changes in a steam 
turbine as ‘‘Governing Transients,’ and six years ago inaugu- 
rated what I believe to be the first experiments on a large steam 
turbine alternator to determine the characteristics of these 
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transients. "The unit selected for the experiments was a 30,000- 
kw., 17-stage machine. The general governing qualities of the 
unit were fairly well known, as several dozen similar units had 
been in service for some time. Instead of running the unit under 
actual load, it was decided in the experiments to simulate the 
load and to control all the factors so that an accurate history 
could be obtained of the transient conditions immediately 
subsequent to throwing on and off large blocks of load. 

These experiments proved useful, as they showed what were 
the maximum speeds attained when different loads were suddenly 
thrown on and off the unit, and they showed how long was the 
period elapsing until conditions of equilibrium or steady running 
were resumed. 


PERCENT INCREASE OF 
SPEED OVER INITIAL SPEED 


. 1 2 3 4 
SECONDS AFTER LOAD IS REMOVED 


Bec 1—30,000-Kw. Unir Running Steapiny wits 30,000 Kw. 
Loap Bwrore Removau or Loaps 


A—AIl load removed suddenly 

B—22,500 kw. removed suddenly 
C—15,000 kw. removed suddenly 
D— 7,500 kw. removed suddenly 


PER CENT DECREASE OF 
SPEED UNDER |NITIAL SPEED 


0 1 2 3 4 
SECONDS AFTER LOAD IS APPLIED 
Fig. 2—30,000 Kw. Unrr Runnine Sreapity with No Loap 
-Berore APPLICATION oF LOADS 


E—30,000 kw. suddenly applied 
F—22,500 kw. suddenly applied 
G—15,000 kw. suddenly applied 
H— 7,500 kw. suddenly applied 


Briefly the experiments showed these facts, which are illus- 
trated in Figs. 1 and 2: 

1. That with the unit running steadily and fully loaded to 
30,000-kw., on suddenly opening the generator circuit breaker, 
the turbine would accelerate quicker than the control valves 
could cut off the steam supply; in other words, that the unit 
would increase its speed by 31% per cent in one second, and 
thereafter, it would proceed to slow down so that 2.8 seconds 
later it would run steadily, unloaded, and on the governor at a 
speed 234 per cent above initial speed. The governor regulation 
was 234 per cent. 

2. That with the unit running steadily and fully loaded to 
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30,000 kw., on suddenly dropping off 15,000 kw., leaving 15,000. 
kw. load remaining on the unit, the turbine would not accelerate 
quicker than the valve could cut off the steam supply; in other 
words, the unit would increase its speed by 2 per cent in 1.6 
seconds, when it would continue to run steadily on the governor 
at 2 per cent above initial speed? 

3. That with the unit running steadily with no load, the 
sudden application of blocks of load allowed the unit to slow down 
to a slightly greater extent than the speed was increased when 
similar blocks of load were removed. 

Most turbines, I realize, overshoot their governor regulation to 
a greater extent than is shown by the tests described above. 
However, to the extent that the changes in speed can be limited. 
by proper governor design, to that extent will the units be able 
to handle themselves satisfactorily when system disturbances 
need every stabilizing influence on them that can be offered. 

It would be well to enunciate here some basic requirements 
underlying the design of governing and valve systems of large 
steam turbines so as to enable them to carry the unit through 
violent system disturbances without the unit itself aggravating 
the trouble: 

1. An accurate and instantly responsive speed indicator to 
move the pilot or relay valve. 

2. A powerful and rapidly acting engine to move the control 
valves. 

3. A proportioning or compensating device moved by the 
engine and reclosing the pilot or relay valve. 

To meet the requirements outlined above, I have designed 
governor systems on the mechanical principles outlined below, 
and the subsequent operating performance of many of the largest 
units in this country so designed confirms my opinion of the 
soundness of these principles, and of the ability of such governing 
designs to take care of the turbines in times of system stress: 

1. The speed indicator can be extremely accurate when made . 
of the fly-ball type with a very powerful spring, and with knife 
edges for all the large forces. For the largest machines I used a 
governor spring having a tension of 4500 1b. With such a spring, 
and heavy fly-balls, the governor can be made instantly respon- 
sive, and need have no dashpot, which would necessarily tend to 
restrict the free action of the governor. 

2. The engine for moving the control valves can be actuated 
wholly by oil or partly by oil and partly by springs. In order 
that this engine may act rapidly, it should have enough power to 
enable it to traverse its whole stroke completely closing or 
opening all of the control valves in one second or less, from the 
instant the pilot valve is suddenly thrown wide open. To obtain 
that rapidity of operation, I used oil pump pressures of 100 lb. to 
125 lb. per sq. in., pumps of the greatest possible capacity and oil 
passages of very large cross sectional area. 

3. The mechanism connecting the governors to the hydraulic 
system and connecting the hydraulic system to the control valves 
should be of the simplest possible arrangement, and should have 
very few parts. 

One interesting innovation in the governor system used in the 
unit tested by the authors of this paper is the oil aceumulator. 
It is my belief that some such device will have to be adopted for 
very large units to enable them to govern to the best advantage. 
The performance of one of the largest units recently installed in 
this country confirms this opinion. In this connection, I have 
believed for several years that it would be well to consider 
whether for large units it should not be better to take the oil 
pump off the unit itself and supply the oil from a central pressure 
storage system. Thereby, the governor could be made much 
more rapid, and so be able to better-look after surges. More- 
over, by that arrangement, the shutdowns due to pump and gear 
trouble could be eliminated, or at least minimized. 

As the capacity of steam turbine alternators increases, it 
becomes more imperative to improve the inherent stability of 
operation, electrically and mechanically. I believe that governor 
designers should have a clearer appreciation of what is occurring 
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in their governing systems during the time of surges and before 
the governor takes complete and stable control. 

T. C. Rathbone: The visible action of the governors during 
surges naturally led to the belief that they played a part in 
producing the unstable condition, because of the possibility of a 
resonance existing between the natural governor frequency and 
the electromechanical oscillation frequency of the system. We 
were particularly concerned because we had previously eliminated 
all possible damping to produce quick governor response in the 
effort to hold down the speed jump on sudden removal of full load. 
Among other things, the gag-pot and oscillator mechanism had 
been removed. 

In the event that some damping would be found necessary to 
discourage governor oscillation, we had up our sleeve a one-way 
type of gag-pot so arranged that while permitting quick response 
during load removal, considerable friction would be developed in 
the other direction: There also existed the possibility of changing 
the natural frequencies of the governors, by altering the masses 
and elastic scales involved, thereby tuning them away from any 
given system oscillation frequency. In such a system involving 
several connected units, it is probable that the governors oscillate 
independently of each other, the maximum effect obtaining when 
several have the same frequency. That is to say, the masses and 
seales of the several governors do not constitute a compound 
elastic system in which each unit system plays a part in fixing the 
over-all natural frequency of the aggregate. 

As the authors have described, it was found that the governors 
did not produce or maintain surges. It was also found that the 
governors possessed a surprising amount of damping—so much so 
that it was quite difficult to produce sufficient oscillation to 
determine the frequency with any precision. The motion was 
almost aperiodic. This unusual damping is due to the Coriolis 
component,—the forces produced under the principle of the 
conservation of angular momentum. In the present case, such 
damping operates in our favor. 


The authors are to be commended for their initiative and 
courage in staging such an important and serious test on their 
system in the endeavor to find the answer to surge phenomena. 

C. A. Powel: Messrs. Purcell and Hayward present to the 
Institute for the first time, tests showing the true nature of a 
disturbance variously described as instability, hunting, and 
surging. It seems, however, that a distinction should be made 
between them. 

Instability is mostly an electrical disturbance in which the 
angle between two synchronous machines tied together through 
an impedance exceeds a critical value so that the machines pull 
apart. Hunting is usually an electromechanical phenomenon 
in which periodic pulses in the system input or output produce 
continuous oscillations of which the amplitude is determined by 
the damping properties present. Surging is a peculiar distur- 
bance differing from the other two just mentioned, and which is 
well described by Mr. Hayward in the pole-slipping tests. Ifa 
generator pulls out of synchronism due to overload or the loss of 
field, the governor may be sufficiently sensitive and rapid to 
reduce the generator input so that it pulls into step again. The 
primary cause of the trouble, however, being still present, the 
generator again pulls out of synchronism. Thus, surging may 
continue for a long period of time. 

R. D. Evans: Messrs. Purcell and Hayward give the results 
of tests on operating characteristics of governors, particularly in 
respect to their capacity to initiate or suppress a system distur- 
bance. This naturally suggests a review of the performance of 
current and ideal forms of governors. 

Considering first the steady load conditions, hunting phenom- 
ena may arise if the natural period of governor response corre- 
sponds with the electromechanical period of the system or with 
the period of pulsation of load or prime mover input. Under 
these conditions, the governor, while performing its normal fune- 


PURCELL AND HAYWARD: TURBINE GOVERNORS 


721 


tion to control prime mover input, may, unless properly adjusted, 
constitute a liability to system operation. 

Under changes in system loads, the increments of prime mover 
input are supplied by the units with sensitive governors of little 
“droop”? and not in response to the distribution of the load 
increments. Consequently, automatic governors may cause the 
flow of large amounts of power over interconnections or over lines 
between various parts of a single system. This condition may 
not be harmful in itself but may lead to instability -on the occur- 
rence of faults. Hence, the present automatic governor control, 
even when modified for time-keeping purposes, leaves something 
to be desired from a system stability point of view. This sug- 
gests the control of prime mover input to limit the transfer of load 
between tie lines for normal operation and under fault conditions. 
The pole slipping tests described by Messrs. Purcell and Hayward 
are of interest in this connection. It has been suggested pre- 
viously that on long transmission lines the prime mover input at 
the sending end should be reduced on the occurrence of faults so 
that greater loads could be carried without instability resulting 
from a system disturbance. Similarly, the prime mover input at 
the reéeiver end of transmission lines could be increased by 
special control to accomplish the same end. 

Consider next the operation of the system in case synchronism 
has been lost. With respect to the machine, it is, of course, 
necessary to prevent excessive overspeed, which may be accom- 
plished by special overspeed trips or by governor action in the 
conventional way; or overspeed may be limited by special prime 
mover input control, in which the input would be balanced 
against the output or operate on a sudden change in output. 
An alternative means would be to use an ‘“‘out of synehronism”’ 
relay which would operate when a difference occurs between the 
frequency applied to the armature and the frequency correspond- 
ing to the rotation of the rotor. 

Having prevented excessive overspeed, attention may then be 
directed to the problem of resynchronizing. Governor operation 
in the usual way will limit overspeed and eventually reduce the 
input to give the normal no-load frequency. At this time, 
however, there may be a considerable difference in frequency of 
rotation of the machines to be synchronized, which may make it 
impossible to develop sufficient synchronizing torque. Hence, 
it may be necessary manually or automatically to reduce the 
prime mover input until resynehronization takes place. It may 
be observed that, in general, the conditions for resynchronization 
will be obtained more rapidly by leaving the machines connected 
to the system, than by splitting the system and resynchronizing 
through breakers in the conventional way. Of course, such a 
process places exceedingly severe strains on all the electrical 
apparatus, and from this standpoint is objectionable. It may be 
noted that, in general, the special prime mover input control for 
improving stability will also operate to facilitate the resyn- 
chronizing of machines in case pullout actually takes place. 

A. P. Hayward: In reply to the discussion of Mr. Dryer, 
I might state a similar series of tests covering the performance of 
the turbo-generators running free was conducted at Colfax 
during 1924 and 1925. Following these tests, the governors were 
revamped to include practically all of the features suggested. 
Oil accumulators were added to insure an adequate supply of oil 
to the governor valve operating cylinders. Oil ports were 
enlarged and oil relays were added to assist the flyballs during a 
movement of the governor linkage. 


As originally installed, there was one oil relay between the 
flyballs and the primary valve. This allowed the flyballs to 
expend part of their force directly on the primary valve system. 
After the change, all of the force from the flyballs is available at 
a small oil relay, which in turn actuates an oil engine connected to 
the valve linkage. In this manner the oil pressure is used to 
move the linkage and valves, permitting the flyballs to respond 
to speed changes without dragging the valve linkage with them. 

As aresult of these modifications, the sensitivity of the governors 
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was increased, without changing the speed regulation. This 
increased sensitivity was thought to be a contributing cause 
of the system surges. The tests were devised to check this point. 

The governor action of a turbo-generator when running free, 
as after a load dump, and the governor action of the same 
machine running with a system whose inertia is probably at least 
five to six times the inertia of the turbo-generator, which repre- 
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sents 10 to 15 per cent of the entire system capacity, is not to be 
compared. In one ease, the speed changes are relatively large 
giving favorable governor action, in the other case the system 
does not allow rapid or wide changes in speed. 

It has been shown in the tests that severe surges can exist on a 
generator without the change in speed during these surges 
affecting the governor system. 


Cathode Energy of the Iron Arc’ 


BY GILBERT E. DOAN} 


Non-Member 


Synopsis.—T he available energy at the cathode of the iron arc for 
welding in air, and the disbursement of this available energy to the 
cathode processes, are set wp in balance-sheet form for purposes of 
study. Since many of the constants involved are not accurately 
known the results obtained are approximate only and indicate the 
probable order of magnitude of the quantities involved rather than 
the exact quantities themselves. The paper thus represents a 
preliminary survey. 

The energy as heat at the cathode includes that from: (1) Ionic 
bombardment, (2) Ohmic resistance of cathode tip, (8) Radiation 
from the anode, (4) Combustion. The sum of the first three items 
should approximate one-half of the total energy input to the arc, 
(since the division of total arc energy between anode and cathode is 
nearly an equal one). 

Item (1) is by far the largest heat source. But using values of 
f = 0.625 (fraction of current at cathode which is carried by elec- 
trons) as determined by Compton and by Giinther-Schulze, and taking 
the cathode voltage drop V. = 9.0 volts which is higher than Vy the 
ionizing potential, ( = 7.83 volts, Mohler) this quantity, together 
with the smaller items (2), (3), and (4), is still too small to account 
for the observed rate of melting of the cathode. Possibly $+, the heat 
of condensation of incoming ions, is not zero for this arc as Compton 
has shown for the tungsten arc. 

Item (4), the heat developed by combustion of tron vapor is large, 


HE iron arc in air, as used for electric welding, has 
been studied recently by P. Alexander, Weber, 
Eschholz, Green, and others because of its growing 

use commercially. Other arcs, such as the mercury arc 
and the carbon arc, are interesting from the point of 
view of the classical physicist and present an important 
field for the study of the electron and atom. In this 
field Langmuir, K. T. Compton, Richardson, and J. J. 
Thomson have contributed to the English literature, 
while Hagenbach, Seeliger, Schottky, and Gunther- 
Schulze are among the recent contributors to the Ger- 
man literature. Most of the studies of the commercial 
archave dealt, however, with the changes of the materials 
of electrode and of the welded article during the progress 
of the welding, and with the changes in chemical and 
physical properties of these materials by the welding proc- 
ess. The present paper deals with the changes in energy 
which accompany the operation of the commercial 
welding arc. 


The basis chosen for this study is that of the energy 
supplied and disbursed at the cathode. ‘The conserva- 
tion of energy is assumed as a guiding principle. The 
method followed is one that has yielded fruits in the 
study of many other processes, physical and physico- 
chemical, namely that of quantitative energy analysis. 
The present study consists primarily in an attempt at 
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perhaps 77 calories, but the fraction of this heat returned to the 
cathode is small. 

Heat Disbursement at Cathode: The principal consumption of 
heat at the cathode is by (6) melting of cathode, (6) evaporation of 
atoms at cathode, (7) evaporation of electrons at cathode, (8) dis- 
sociation of arc vapors, (9) radiation to anode and to air. Of the 
total heat disbursed by the arc more than half is consumed, as shown 
by measurement, by the melting of the electrode. The heat consump- 
tion for this melting is greater than the calculated value of total heat 
received at the cathode. The latter value is, therefore, not correct but 
need be revised using higher values of V. or ¢4 or both. Some heat is 
consumed in vaporizing cathode metal, but not enough energy is 
available to vaporize all of it. Theories requiring the transfer of 
cathode material entirely in the vapor form are therefore untenable. 
No heat is lost from the arc by conduction through the cathode, be- 
cause the rate of melting of the cathode outstrips the rate of heat 
conduction through the cathode. 

On the other hand the calculated total energy consumption at the 
cathode corresponds closely to one-half the measured total electrical - 
input to the arc and is, therefore, approximately correct, whereas 
the calculated input of energy to the cathode, using the present con- 
stants for V., o+,f, etc., 1s about half what it should be. These 
values, therefore, seem to need revision before they are suited for 
this are. 


casting up the energy balance at the cathode of the arc, 
showing the sources of heat, as compared with the 
measured and calculated disbursements of thisheat by the 
processesinvolved. Theintimate understanding of the 
arc phenomena thus gained should indicate means forim- 
provement in the welding process. Such a quantitative 
study seems absolutely essential to the further develop- 
ment of the industrial art here concerned. Obviously, 
the arcs drawn in flash welding and at the opening of 
electrical circuits by switches, ete., will also exhibit 
similar phenomena. 

The present study is necessarily of a preliminary 
nature because of the lack of exact data for many of the 
calculations involved. It was undertaken in order to 
survey the cathode process as a whole, to discover the 
order of magnitude of each part of the process, and to 
decide just where experimental work is most needed. 
It has revealed several phases which need closer study, 
and such study has since been begun. 


ENERGY CONDITIONS AT THE CATHODE 


The cathode conditions have been chosen for first 
study for several reasons. In the first place it has re- 
cently been recognized that the processes at the cathode 
are highly important in determining the choice of the 
electrode or welding wire to be used in commercial 
welding, and therefore, when the cathode processes are 
better understood, much of the present confusion in 
selecting commercial welding wire will, it is hoped, be 
eliminated. Also, it has been shown! that the conditions 
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at the cathode of the are are considerably less compli- 
cated and less variable than those at the anode, and are 
therefore more readily subject to study. 

Fig. 1 shows the arc in outline with the polarity most 
commonly used for mild steel. Current flows through 
the cathode, across the arc-gap, and through the anode 
plate being welded. The tip of the cathode melts and 
the cathode globules thus formed fall into the anode 
puddle or crater. The freezing of this molten crater in 
the wake of the advancing arc constitutes the welding 
process. Some metal deposition in the crater probably 
also takes place as vapor in addition to the rain of 
globules. The total electrical energy supplied to the 
arc is, of course, the product of the total are voltage and 
the current flowing. In the commercial arc this 
quantity is commonly 18 volts times 150 amperes or 
2700 watts or 645 calories per second. Of this total are 
energy that available at the cathode tip may be due to: 

1. Heat developed at the cathode spot of the are by 
ionic bonbardment. 

2. Heat generated by ohmic resistance in the growing 
molten cathode globule and in the adjacent electrode 
wire. 

3. Heat radiated to the growing globule from the 
anode crater. 

4, Thermo-chemical heat of oxidation at and near 
the surface of the cathode globule in air, and from other 
minor sources. 


Fic. 1—Wewpine Arc 


The discussion and calculation of each of these cath- 
ode heat sources will be taken up separately. 

On the other hand the consumption of this energy at 
the cathode takes place chiefly by: 

5. Melting of cathode, including latent heat of 
fusion and sensible heats of the solid and liquid metal 
melted. 

6. Evaporation of atoms. 

7. Evaporation of electrons from the cathode spot. 
- 8. Dissociation of iron vapor and of N, and O, gas in 
the are stream. 

9. Radiation from the cathode crater. — 

10. Conduction of heat away from the globule 
through the cathode shank. 

11. Gaseous convection and conduction. 

These eleven items comprehend the origin and the 
disbursement of the chief energy quantites involved in 
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the cathode process. Since the are quickly reaches 
thermal equilibrium the sum of items (1) to (4) must 
equal the sum of items (5) to (11) and a thermal balance 
sheet may be drawn up. This equilibrium is the basis 
of the present study. Some of these quantities can be 
measured, at least approximately, such as the rate of 
melting of the cathode, the ohmic resistance of the 
globule, and the rate of conduction of heat from the 
cathode tip. Others may be calculated from known 
laws of electrical resistance, of thermo-chemical reaction 
and of heat radiation, using extrapolations of the physi- 
cal constants for the extremely high temperatures 
involved, when necessary. The results of a quantitative 
analysis of these energy relations should be significant 
in two principal respects: (1) They should indicate the 
magnitude of the energy involved in each feature of the 
cathode processes and thus reveal more clearly their 
nature; (2) They should test in a rough manner the 
universality of the conclusions reached by Compton 
and others in their studies of the mercury are and 
carbon are. With these goals in view, we are ready to 
consider individually each of the four heat sources 
mentioned above. 


HEAT SourcES—Part I 


Item (1). Energy Developed at Cathode Spot of the 
Arc by Ionic Bombardment. According to Compton’ the 
heating of the cathode accompanying the maintenance 
of an arc is equal to: 

(PSV oper evi eave 
where (1 — f) is the fraction of the current at the cath- 
ode which is carried by incoming ions. 

f =the fraction of the current carried by electrons 
evaporated or pulled out from the cathode. 

V. = the cathode fall of potential. 

, = the latent heat of neutralization of positive ions 
at the surface of the cathode. 

V; = the ionizing potential of the gas in the arc. 

F = the fraction of the electron energy which is re- 
turned to the cathode by radiation after neu- 
tralization of the emitted electron by an ion. 

Or, expressed in words, ““The heating at the cathode is 

the sum of the heating due to bombardment of the 

cathode by incoming ions plus that heat due to the 
fraction of outgoing electrons which are returned to the 
cathode.”” The best values available for each of these 
items will be chosen. Since both Ginther-Schulze4 and 

Compton find f between 0.55 and 0.70 as a maximum, 

considering both the mercury arc and the carbon arc, 

we shall adopt a mean figure f = 0.625 for the iron are. 

Values of V, determined by the sounding method have 

been shown by Langmuir and Mott-Smith® to be in- 

correct and probably several volts too low. Recent 
direct measurements’ of the cathode fall’ in a mer- 
eury are corroborate this doubt and indicate, sur- 
prisingly enough, that the true cathode fall V. for the 
mercury arc is higher by several volts than the ionizing 
potential of mercury (V; = 10.4 volts). By analogy 
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V, for iron may also be higher by one or two volts than 
V ,,theionizing potential of iron, which is given variously 
as 5.8, 6.5, and 7.838 volts. The cathode fall V. for iron 
may, therefore, be as high as 9.0 volts. This value 
would seem more nearly to explain the observed rate of 
energy liberation in welding and will be adopted in these 
calculations: The third factor ¢, has recently been 
shown by Compton and Voorhis* to be very small and 
probably zero. Thus: 


3.375 watts x 150 amperes 


0.875 X 9.0 = 4.18 = 


121 


calories per second. 

The presence of air (V; = about 16 volts) mixed with 
the iron vapor would tend to raise the cathode fall, and 
therefore, raise further the value of V. for the com- 
mercial arc. Even this figure, 121 calories per second, 
is rather small since this item probably is the largest 
single heat source at the cathode. Possibly V. will be 
shown later to be even higher than 9.0 volts. Perhaps 
also in the iron arc in air $,, the heat of condensation 
of the incoming ions reaching the cathode is not zero, as 
Compton has shown it to be for the tungsten are and 
applied: to the mercury arc. The density of the ion 
stream certainly is very great in the iron arc and more 
of the incoming ions may reach the cathode un-neutral- 
ized and there give up their heat directly to the cathode. 
This heat of condensation might be a considerable heat 
source at the cathode. 

If N. and O, are the principal conductors, then V, 
may be as high as 16 or 18 volts (V; for N2 = 16 volts) 


0.375 x 16 
4.18 


and our value for (1) becomes = 143 
x 150 amperes = 215 calories per second, which is 
rather high, as will be seen later. Furthermore the 
total are voltage is only 18 volts, of which the anode 
fall is generally thought to be no small part. It would 
thus appear that the vapor which supports the dis- 
charge is not air but probably is iron vapor. This is in 
agreement with the theory of Cravens.’ On the other 
hand it is conceivable that the anode fall be negative 
instead of positive. In this case it would be possible 
for V, to account for as much as 16 volts or more of the 
total 18 volts of the arc. The most trustworthy evi- 
dence indicates, however, that the anode fall in this are 
is a small positive value, leaving considerably less than 
16 volts for V.. The value 9.0 volts, slightly above V; 
for iron, will be adopted in the absence of better data 
for these calculations. 

The second member of the equation, containing I’, 
cannot be large. This item is expressed by Compton as 
F (f V.— (1—f) V;] where f V.is the energy gained by 
the electrons in the cathode fall space; (1 — f) Vi is the 
energy of these electrons which is consumed in ionizing 
the gas whose ionizing potential is V;; and F is the 
fraction of the remaining energy which is returned to the 
eathode by radiation, ete. “No determination of this 
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fraction F' has been made, but it cannot be more than 
0.5 and is probably much nearer 0.0, especially in the 
ease of a rapidly vaporizing cathode, where a blast of 
atoms vaporized from the cathode would tend to carry 
away any high-speed atoms which might have been 
indirectly accelerated by the electrons. Radiation of 
this residual energy from the gas back to the cathode 
would be a small positive factor.””. (Compton.) Since 
no determination of this factor F has been made, how- 
ever, and since it cannot be calculated it will be neces- 
sary to omit from the calculations this item, probably a 
small one, until experimental data are available. 

Examination of the remaining heat sources, items (2), 
(8), and (4) at the cathode will show presently that they 
are relatively small parts of the total energy supplied to 
the arc electrically, as compared with those just con- 
sidered. 

Item 2. Heat Developed by Ohmic Resistance of the 
Globuleand the Adjacent Hot Electrode Shank. In addition 
to the ionic bombardment just considered the cathode 
globule is heated by the current flowing through it. 
The heat supplied by ohmic resistance of the globule 
itself might be rather high, because of the known high 
electrical resistivity of molten steel as compared with 
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that of solid steel, and will be considered first. In order 
to calculate this quantity we need to know the average 
length and sectional area of the globule, its mean tem- 
perature, and the specific electrical resistivity of the 
metal composing it. 
GLOBULE SIZE 

An idealized sketch showing three stages in the 
growth of a globule is given in Fig. 2. The length of 
the path of the current through the globule increases 
gradually, therefore, from zero just at the moment after 
a globule has detached itself, up to length L just before 
the globule separates. About 2 globules are formed and 
detached per second. The mean length of the liquid 
conductor, assuming a uniform rate of growth (it prob- 
ably grows rapidly at first and much more slowly in the 
later states), is therefore >. Of course, when a very 
short arc is maintained, the globule, if undisturbed, will 
touch the anode before it detaches itself from the cath- 
ode, thus momentarily short circuiting the arc, and the 
globule diameter thus never exceeds the arc length, say 
4mm. Thus the average length would be 2mm. 

This length, 4 mm., assumes that the globule grows 
until it touches the anode and then is drawn over to it 
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by surface tension. But transfer does not necessarily 
take place in this way. The explosion of gas included in 
the molten globule may blow the globule off the end of 
the electrode before it has grown to the full length of 
4mm. The approximate figure, 2 mm., will be used, 
however, for the present. 


GLOBULE TEMPERATURE AND RESISTIVITY 


The specific electrical resistivity” of iron at 0 deg. 
cent. is 9.57; at 1000 deg. cent. it is 122.4. The mean 
temperature of the globule may be considered, for the 
present purpose, as the mean of the temperature at the 
solid-liquid boundary of the globule where it joints the 
electrode wire, 7. e., 1535 deg. cent. (the melting point of 
iron), and that at the liquid-vapor boundary of the 
globule where it joints the are proper, 7. e., 2450 deg. 
cent. (Hagenbach and Langbein"™ give 2150 deg. cent.) 
the boiling point of iron. ‘This mean temperature would 
be 1992 deg. cent.. Due, however, to active circulation 
and convection currents in the globule, it is probably 
somewhat higher than this linear average. 

For comparison with these figures it may be noted 
that the temperature at the cathode spot for the carbon 
are with a current density of 127 amperes per cm.’ is 
given by Compton, (1. c) as 3230 deg. cent.; for the 
tungsten arc with 977 amperes per cm.” as 3370 deg. 
cent. Since 150 amperes in a 5/32-in. iron electrode 
(area 0.01917 in.2 or 0.1236 cm.2) gives a current density 
of 1215 amperes per cm.”, we may be sure the cathode 
spot in the iron arc is at least up to the boiling point of 
iron (2450 deg. cent.), and probably not very far above 
it, due to rapid vaporization of iron. The mean tem- 
perature of the entire globule is, therefore, between 
1530 deg. cent. and 2450 deg. cent., with a mathematical 
average of 1992 deg. cent. Extrapolation of the elec- 
trical resistivity data for iron as given by Guertler shows 
at 1992 deg. cent. a resistivity of 225 ohms, nearly 25 
times its resistivity at room temperature, and it is 
probably even higher due to a discontinuous increase in 
resistivity upon change of state. 


AREA OF CATHODE SPOT 
If k, the specific resistivity of iron = 225, and L the 


length of path = = = 0.2 cm., then S, the mean 
sectional area of the globular conductor might be cal- 
culated, but, as will be evident later, an estimation will 
be entirely adequate for this purpose. Current enters 
the globule through the end of the cathode, sectional 
area 0.1236 cm?. It leaves through the cathode spot. 
The area of the cathode spot for the carbon arc” is 
directly proportional to the current, that is the current 
density in the cathode spot is constant, provided the 
cathode is far enough removed from the anode. Other- 
wise heat radiation from the anode increases the area of 
the cathode spot. This latter condition obtains to a 
marked degree with the commercial iron are using 150 
amperes at an average arc length of about 4mm. Its 
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normal area, based on Ginther-Schulze’s experiments 


150 ampere 


7900 cm? or 0.021 


for the iron arc in air, would be 
cem.2, with widely separated electrodes. Accurate 
measurements of the area of the cathode spot for com- 
merical “short arc’? conditions have not been made. 
The arc length, 4 mm., is much shorter than the one 
used by Schottky and, undoubtedly, the area would be 
increased above the normal value 0.021 cm.? by radia- 
tion from the closely opposed anode. Measurements of 
the area of cathode spots can be taken, in spite of the 
rapid movement of the cathode spot, by the use of a 
revolving mirror and a camera. Such measurements 
for the iron are would be valuable to the development of 
the science but have not yet been made. The area of a 
hemispherical globule of 3/16 in. diameter is 0.36 cm.? 
Visual observation of the cathode spot (5/82 in.) elec- 
trode (150 amperes) indicates that it covers only part of 
the lower half of the globule, but is approximately the 
size of the sectional area of the electrode 0.1236 cm”. 
Green’s photographs of the are substantiate this ob- 
servation fairly well. The figure 0.1236 cm?. will there- 
fore be used, although it is only a first approximation. 
If, therefore, a straight path of current through the 
globule of mean sectional area 0.1236 cm?. and mean 


L 
length =a 0.2 em. is taken, we have 


225 0.2 
10° ~*~ 0.1236 


watts or 1.96 calories per second, which is a rather small 
figure compared with 121 calories heat derived in Item 
(1) from the are proper. Of course the globule prob- 
ably becomes contaminated by oxides very rapidly and 
suffers an increase in electrical resistance from this 
cause, but since it is so rapidly detached (about two 
globules per second), the contamination has not time 
enough to be complete, and this source seems to remain 
a small contributor of heat to the cathode. If the cath- 
ode spot were twice as large and some collateral con- 
duction through the globule were considered, we then 
would have even less heat from this source. It there- — 
fore becomes evident that the large bulk of the cathode 
heat is developed by ionic bombardment and only a 
fraction, say at the most 2 per cent, comes from the 
ohmic resistance of the globule to current flow. Chang- 
ing the specific resistance of the material in the globule 
would, therefore, not be expected to improve appreci- 
ably the melting rate of the electrode. 

The metal of the cathode is pre-heated before it 
enters the arc. This is done by the current flowing in 
the electrode shank and amounts to about 1.24 calories 
per second. (See under (9) “Conduction of Heat 
through the Electrode’”’.) At the same time, the elec- 
trode shank would seem to extract some heat from 
the cathode globule by conduction. Both of these 


H=RkRP= x 150 X 150 = 8.20 
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conditions are considered together under Item 10. 

Items (3) and (9). The Heat Radiated to and from the 
Cathode. Energy isradiated from a hot body to a cooler 
one in proportion to the fourth power of their absolute 
temperatures. Thus if the cathode and anode spots 
were both at the same temperature and were intimately 
opposed to each other the net loss from each would be 
nearly zero. 

Actually, it has been shown experimentally" that 
the anode of the iron arc in air, if the iron contains less 


than 1 per cent carbon, melts at about the same rate as | 


the cathode. Thus, if the temperatures and areas at 
anode and cathode are assumed equal, it is evident that 
the heat radiated by the anode crater to the cathode 
globule would be less than that lost from the globule 
only by the small amount of radiation from the 
upper and cooler hemisphere of the globule marked a in 
Fig. II, and from this upper hemisphere must be ex- 
cluded the area of contact of globule to un-melted 
electrode. 

The rate of radiation from a globule at. temperature 
1992 deg. cent. to surrounding air at 20 deg. cent. as- 
suming an emissivity coefficient of unity, is, according 
to the Stefan-Boltzmann law, 36.4 calories per second 
per cm2. of surface. The intensely hot cathode and 
anode spots would, of course, radiate much faster, but 
they are so intimately opposed to each other in the arc 
that little heat can escape as radiant energy. By con- 
sidering the area of the cathode spot and the area of the 
junction of globule to wire separately we can compute 
the radiation from the remaining surface of the globule. 

The area of a globule 3/16 in. in diameter is 0.715 cm.’ 
The area of a half globule is, of course, 0.36 cm.? The 
rate of radiation from the cathode spot proper, itself 
of area approximately 0.123 cm.” at 2450 deg. cent. to 
air at 20 deg. cent. would be 55.2 x 1.41 x 0.128 
= 9.65 calories per second, but most of this radiation 
is received by the anode which, it is assumed, returnsan 
equal amount to the cathode. 

Now if we subtract from the total area of a full-sized 
globule, the area of the cathode spot 0.1236 cm.? and 
also the area of the contact of globule to cathode wire, 
0.123 cm.2 we have 0.468 cm.? left. For a half-grown 
globule assume the radiating surface is one-half or 
0.234 ecm.2 Then if the rate of radiation at 1992 deg. 
cent. is 36.4 calories per second per cm.”, we have 0.234 
< 36.4 or 8.55 calories per second radiated from a glo- 
bule of mean area to the air. The total radiation to air 
and to anode would be 8.55 plus 9.65 or 18.20 calories 
per second. The total radiation received by the lower 
hemisphere of the cathode from the anode will be taken 
as equal to that radiated from cathode to anode, 7. @., 
9.65 calories. The net loss by radiation from the cath- 
ode is thus of the order of 8.55 calories per second or one 
per cent of the total are energy and 3 per cent of the 
heat disbursed at the cathode, and is again rather small 
as compared with item (1). 
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Item (4). Thermo-chemical Heat. According to Spra- 
ragen 13 per cent of the weight of cathode melted is lost 
in welding. The presumption is that it is lost by globule 
spattering and as vapor and mist. Iron in this finely 
divided condition and at this high temperature ignites 
spontaneously" in air. It probably forms a burning 
envelope just outside of the are proper and the burning 
of this envelope will aid in heating the globule by radiat- 
ing back to the globule some of the thermo-chemical 
heat produced in the envelope. 

If all of this metal loss to air is considered to 
be in the form of vapor and mist then each sec- 
ond 0.0448 grams (see item 6) will burn and generate 


0.0443 < 195,600 
112 


equation: 4Fe-+ 30. = 2 Fe. O; + 2(195,600) calories, 
which thus appears to be one of the largest heat sources 
in the entire process. Not all of this heat is returned to 
the cathode, however, because the oxidation takes place 
not only at the cathode and in the are stream itself, but 
also at the anode, most of it, perhaps, in the latter two 
places. Only a small fraction of this heat is carried to 
the cathode. If three-fourths of it burns in the are 
stream and at the anode, and one-fourth at the cathode, 
then perhaps one-eighth of this thermo-chemical heat 
is absorbed by the cathode globule. It seems very un- 
likely that more is absorbed. This would give 9.7 cal- 
ories per second delivered to the cathode from the burn- 
ing of iron vapor and mist. 

Furthermore, if this envelope of burning iron does 
not completely protect the molten globule from like 
oxidation, then a film of F’e; O, would be expected to 
form on the globule itself, and be churned into the 
molten metal of the globule. The reaction probably is: 


3 Fe + 20. = Fe; O. + 270,000 calories and this re- 
action also contributes heat to the globule. Just how 
much oxidation goes on in the globule is not known but 
it is known that the nitrogen content increases consider- 
ably. The nitrogen content of arc-fused metal after 
deposition is known to be as high as 0.13 per cent as 
compared with 0.003 per cent in the cathode before 
fusion.15 Evidently the metal is strongly acted upon by 
air during deposition. 

This burning envelope which encompasses the entire 
are zone is very probably the principal source of the 
light and heat which the casual observer notices in ob- 
serving the arc. The actual cathode and anode spots 
are rather completely hidden from view. The effect of 
this hot envelope upon the weld is probably to diminish 
somewhat the very high temperature gradient at the 
anode, as well as to protect, partially at least, the de- 
positing metal from rapid oxidation. 


= 77.3 calories, according to the 


ENERGY BALANCE AT THE CATHODE 


Heat received at the cathode (calories per second) 
with 150 amperes: 
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(1) By ionic bombardment, etc............... 121.0 
(2) By ohmic resistance in the molten globule 
1.96 and adjacent 1.24 electrode........ 3.20 
(3) By radiation from the anode............. 9.65 
(4) By oxidation of iron vapor and mist....... 9.70 
143 .55 


Heat disbursed at the cathode (calories per second) 
with 150 amperes flowing: 


(5) By melting of electrode (including sensible 
hea) akc occas bc asta sok eo OER Re ae 161 


(6) By evaporation of atoms................ 12.6 
(7) By evaporation of electrons.............. 95.5 
(8) By dissociation of iron vapor and air...... we 
(9) By radiation to anode 9.65 and to surround- 

ine ars Dojectsse eres ee nae 18.20 


(10) By conduction through the electrode shank 0.00 
(11) By gaseous convection and conduction.... ; 


287.3 
DISCUSSION OF HEAT SOURCES 


The sources of heat at the cathode just considered 
indicate broadly, as the Balance Sheet shows, that we 
have some 148 calories per second available at this point. 
Of this total, 80 per cent or more is generated in the 
cathode itself by ionic bombardment and relatively little 
heat is received from outside sources such as radiation, 
burning of iron, or ohmic resistance. This discovery 
seems to limit any considerable increase in rate of melt- 
ing to an increase in welding current or in cathode fall. 

The calculation of item (1) is of course dependent 
upon values for V., @, etc., which are as yet not ac- 
curately known even for the mercury and carbon arcs 
upon which so much study has been expended. It is 
useful, however, to know the order of magnitude of this 
item for the iron arc and its relative part in the arc 
process. Refinement of the calculation can be made 
when more exact data are available. 

Perhaps the chief source of heating other than ionic 
bombardment is that of radiation from the anode, which 
increases so markedly the area of the cathode spot over 
the isolation value of 0.021 em. given by Ginther- 
Schulze. This would seem to indicate that the use of a 
very short are would produce a lowering of the current 
density in the cathode spot. How much this affects the 
character of metal deposition is not known. 

The heat generated by are oxidation is a surprisingly 
large quantity. It is apparently equal to more than 10 
per cent of the electrical input to the arc. It deserves 
careful study. If burned in the theoretical amount of 
air without losses, this envelope of burning iron would 
reach a temperature of 1965 deg. cent. Just how this 
envelope functions in blanketing the arc chemically and 
thermally, and the diffusion of heat from it, would be an 
interesting study. 

HEAT DISBURSEMENT—PartT II 
Item (6). Melting and Vaporization of Electrode. 


The primary function of the cathode process in welding 
is to melt and vaporize electrode material and to de- 
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posit this metal in the anode crater. Both the rate of 
melting electrode and the loss of metal to the air during | 
melting can be measured. These measurements will 
indicate the speed of welding which can be maintained 
and are therefore of practical importance. Also they 
will show how much of the cathode energy will be re- 
quired in melting electrode and in vaporizing a part of 
it. These measurements were made in the Welding 
Laboratory of Lehigh University. They show, among 
other things, that the grade of electrode used has a large 
effect upon the speed of welding. 

Under standard conditions as adopted in this study 
(5/32 in. electrode of mild steel, 150 amperes, 18-volt 
arc), No. 1 electrode melted at the rate of 0.389 grams per 
second. The loss to the air during melting was 10.6 per 
cent of the weight of electrode melted. Another type of 
electrode melted at the rate of 0.34 gram per second, 
with a loss of 10.2 per cent. These rates are for hand 
welding. The G. E. automatic welder gave values not 
much different from these. The value given by Viall in 
“Electric Welding’ is 0.815 gram per second, while 
Spraragen gives (0.284 gram per second. This last value 
is, however, on an hourly basis and includes time for 
changing electrodes. 

The heat required to raise 1 gram of iron from room 
temperature to its melting point, to melt it, and to 
superheat the molten iron to 1992 deg. cent. is 413.4 
calories (Richards, ‘Metallurgical Calculations’). 
Thus for 0.89 gram there are needed 0.39 x 4138.4 
= 161 calories per second or for electrode No. 2, 34 
< 413.4 = 141 calories per second. At once it is evi- 
dent that the observed rate of melting calls for quite a 
large amount of heat at the cathode, and also it is ap- 
parent that the thermal efficiency of the arc in melting 
metal is good. It indicates clearly that more energy is 
present at the cathode than that shown by the calcula- 
tions in Part I above. It corroborates the belief that 
V.. for the iron arc in air is higher than the ionization 
potential of iron, as Compton has proposed. Since this 
rate of melting requires more heat than the calculations 
have shown to be available at the cathode, it is obvious 
that the calculations must be revised. The value for 
V,. may be much higher than 9.0 volts. If it were as 
high as 16 volts, assuming that air is the ionizing gas, 
then 215 calories per second are produced by ion impact. 
This would supply the needed amount of heat. In the 
second place ¢, the latent heat of condensation of ions 
upon the cathode may be appreciable. Until these data 
are available no accurate correction can be made. The 
qualities of the electrode which influence strongly this 
rate of melting, such as coating of electrode, freedom 
from gases, etc., will not be considered here, but will 
be the subject of a separate paper. 

A further consumption of cathode energy is required 
by the vaporization of part of the melted metal. This 
metal must be heated from 1992 deg. cent. up to the 
boiling point (2450 deg. cent.) and then vaporized 
This action would occur at the hottest part of the glo 
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bule, namely the cathode spot itself. The latent heat of 
vaporization of iron calculated by Trouton’s Rule, is 
1224 calories per gram. But not the entire 10.6 per cent 
of it occurs at the cathode. Probably at least half of it 
occurs at the anode and in the arc stream leaving only 


0.106 x 0.39 


9 = 0.0207 | gram per second from the 


cathode. Of this total loss, 0.0207 gram, part is mist 
and part is spray, neither of which carries the latent 
heat of evaporation. If this mist and spray constitutes 
one-half of the total cathode loss then 0.0103 grams per 


second are actually vaporized, requiring 0.0103 « 1224 


= 12.6 calories for the true evaporation of atoms at 
the cathode. 

If it is considered that all the metal deposited by the 
are is transferred as vapor, according to the hypothesis 
of Professor Slocum,!* then at least 165 + 1224 x 0.39 
= 643 calories per second would be necessary at the 
cathode. This figure is just about equal to the total 
energy input to the are (18 volts X 150 amperes = 2700 
watts = 645 calories per second), and the hypothesis is 
therefore very improbable. Some small part of the 
metal deposited at the anode is, however, unquestionably 
transferred through the are as vapor, condensing upon 
the anode. We are unable to calculate the energy re- 
quired at the cathode for the vaporization, only that 
fraction of the material which escapes to air and does not 
condense having been weighed. If the average globule 
size could be measured and the rate of globule deposition 
counted by an oscillograph, then the product of these two 
quantities would give the weight of metal transferred as 
globules. Subtracting thisfrom the total weight of cathode 
melted would leave that which formed mist and vapor. 
Another method using a rapidly moving anode of 
polished surface has been suggested by Dr. Samuel 
Hoyt of the General Electric Company. This method 
is, however, still in process of development. 


The efficiency of the process in melting cathode wire 


165 
is thus about Gyr X 100 or 25 per cent of the total 


energy input. The rate of melting of anode is nearly 
the same, giving a total melting efficiency in the arc of 
50 per cent. These rather high efficiencies are due to the 
concentration of heat at the desired point which is one 
of the distinct advantages of electrical heating in 
general. 

Item (7). Evaporation of Electrons at the Cathode. 
The current at the cathode is carried partly by ions 
which impinge upon the cathode and partly by electrons 
which are evaporated from the cathode. The latent 
heat of evaporation of electrons ¢- is estimated by 
Thomas" at 5 volts. Compton! believes that this value 
is too high and that it should lie between 4 or 4.5 volts. 
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This gives us for the value 
f o- = 0.625 X 4.25 or 2.66 volts 


150 X 2.66 
4.18 7 


The magnitude of this item, 95.5 calories per second, 
indicates again that, except for the melting action at 
anode and cathode, the fundamental processes of the 
are and not the attendant ones are most important in 
accounting for its energy distribution. 


Item (8). Dissociation of Iron Vapor. The atomic 
hydrogen arc as developed by the General Electric Com- 
pany depends for its operation upon the dissociation of 
molecular hydrogen gas into atomic hydrogen at are 
temperatures in the arc stream. Iron vapor is, however, 
already in the dissociated or non-atomic!® state and, 
therefore, does not absorb any heat for this purpose. 
It seems quite probable from the low value of item (1) 
that either N» or O, is present at the cathode. If so, 
they would dissociate at these temperatures almost 
completely into the atomic state. The heat of dissocia- 
tion of these gases is not known. As the atoms diffuse 
away from the hot zone, they re-combine and liberate 
this heat, part of it being returned to the cathode by 
radiation. Since the amount of these gases dissociated 
is not known and since the atoms re-combine a very 
short distance away from the cathode (due to their very 
high temperature of dissociation), thus returning a 
rather large part of the heat extracted,—this quantity 
will not be included in the heat balance. 


Item (10). Conduction of Heat through the Electrode 
and I? R Heat Generated init. The cooler electrode shank 
near the globule extracts some heat from the cathode 
globule by conduction. This raises the temperature of 
the shank within a half centimeter of the globule to a 
visible red. If the room be dark, this red portion can 
be observed by removing the protective glasses from 
the eye immediately after the are is broken. If this 
portion of the electrode be sectioned longitudinally 
after cooling, it shows a definite zone in which the heat 
has caused re-crystallization of the wire, and a measure- 
ment of the length of this zone (0.23 cm.) gives the tem- 
perature gradient in the wire from the globule contact 
at 1530 deg. cent., (the melting point), back to the re- 
crystallization boundary at about 1000 deg. cent. To 
calculate the rate of heat flow or loss by conduction 
under these conditions would be a simple problem, pro- 
vided thermal equilibrium were permitted to establish 
itself. Actually, the melting back of the electrode is 
constantly causing this re-crystallization zone to ad- 
vance into the cold shank of the electrode. Experience 
with continuous welding shows that the rate of advance 
of the wire by melting is faster than the rate of heat 
conduction through the wire, and that at a distance of 
say 2 ft. from the tip, no rise in temperature of the wire 
is perceptible. Therefore, no heat is lost from the 


calories 
at 150 amperes Sera 
second 
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cathode by conduction, (if we except that small amount 
carried away by air convection). The process is simply 
that the metal of the shank near the arc is pre-heated by 
conduction from the globule and a moment later itself 
re-enters the globule and returns the pre-heat to it. Of 
course, if the rate of melting is slow enough, the re- 
crystallization zone becomes wider and under these 
conditions the rate of heat conduction may outstrip 
that of melting. But we shall consider the actual operat- 
ing conditions only. 

While extracting heat from the cathode by conduc- 
tion from the arc, the electrode shank receives heat uni- 
formly along its length, by its ohmic resistance to the 
flow of current, and delivers this heat as pre-heated 
metal to the are. Near and in the re-crystallization zone 
the amount of this R J? heat is increased due to rise in 
temperature of the wire and accompanying rises in 
specific resistivity and may be considerable in amount. 
This condition also serves to pre-heat the shank just 
before it enters the globule. At room temperature 
0.393 calories per second are generated in each 
centimeter along a 5/32 in. wire of mild steel carry- 
ing 150 amperes. In the half centimeter next to 
the globule, the mean temperature is near 765 deg. 


( 15380 — 0 
cent. cas Nadal 


much greater (about 9 times) and as much as 1.24 calo- 
ries per second may be generated in this section. This 
heat is a substantial contribution to the heat sources at 
the cathode and since this voltage drop occurs outside 
the arc an addition must be made for this amount. 
Added to the J? R heat from the globule proper, we have 
1.96 + 1.24 = 3.20 calories per second heat added to 
the globule from these sources. 


Item. (11). Heat Loss by Gaseous Convection and Con- 
duction. The loss of heat by gaseous convection and 
conduction from an are maintained in still air is very 
small (Langmuir, General Elec. Rev., March 1926) unless 
the arc be cooled by blowing it. The loss from the 
cathode may be negative and would be so if the sur- 
rounding gas were hotter than the cathode itself, which 
probably is the case in the iron are. For these reasons 
this small item will be neglected in the present calcu- 
lations. 


), the mean specific resistivity is 


DISCUSSION OF THE BALANCE SHEET 


The outstanding result of the attempt to balance 
the energy account at the cathode is the appearance of a 
deficit of energy of about 156 calories. This makes the 
cathode account show only 45 per cent of the energy 
which must be present there during welding, as de- 
manded by the measured rate of melting, etc. In 
attempting to find the source of error item (1) offers the 
best possibilities. Either V, or ¢, may be larger or f 
may be smaller than is now supposed. It is hoped that 
more of these data will become available. 

The total energy consumption at the cathode is 288 
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calories. This seems logical and is probably nearly 
correct. The total arc energy (150 amperes X 18 volts) 
is 645 calories per second. Of this total 10 per cent may 
be expended in the are stream, (see Hart, ‘‘Welding”’ 
p. 37, also Compton’), leaving 580 calories at the two 
electrodes. Half of this at the cathode would give 
290 calories which checks rather well with the 288 
calories obtained by adding the items calculated in 
Part II]. That just about half of the total energy will 
be at each pole has been shown by the practically equal 
rates of melting of anode and cathode. There seems 
to be little question, therefore, that on the one hand 
item (1) must be larger than that calculated, and on 
the other hand the sum of items (5) to (11), the total 
cathode energy consumption as calculated in this 
study, is very nearly correct. 

There is great need for more careful measurement of 
several of the other quantities involved, and this will 
be accomplished gradually, both in this and in other 
laboratories. The “loss to air’ could be collected, 
weighed, and analyzed. The area of the cathode spot 
with short are conditions should be measured. The 
exact nature of transfer of metal, and the size of the 
globules would well reward close study since upon it 
depends an important step in the process. 


GENERAL CONCLUSIONS 


The following conceptions of the cathode processes 
seem indicated by the present study: 


1. That the energy consumption at the cathode, as 
here calculated, agrees closely with the total energy 
input to the arc and with the equal division 90 per cent 
of this energy between anode and cathode. 


2. That the energy available at the cathode as here - 
calculated is sufficient to account for only about half 
of the known rate of energy consumption. 


3. That the principal heat quantities at the cathode 
are due to the arc phenomena proper, such as ionic 
bombardment and electron evaporation, with two 
exceptions, (1) the heat consumed in melting electrode 
metal, and (2) the heat contributed by combustion of 
iron. 

4. That the transfer of metal from cathode to anode 
takes place chiefly as liquid iron, the energy available 
there being insufficient to vaporize it. 

Incidentally the following conceptions result: - 


ly That the amount of radiation from the anode and 
cathode spots to the neighboring atmosphere is small. 
Most of the radiation observed comes not from the are 
proper, but from the burning envelope about the arc. 


2. That the current density in the cathode spot of 
a “short are” as used in welding is much lower than the 
normal value of 7200 amperes per cm.? 


3. That practically no heat is extracted from the 
arc by conduction through the cathode wire. The rate 
of melting outstrips the rate of heat conduction. This 
applies to “‘bare”’ wire electrodes. 
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Discussion 


J. W. Barker: Dr. Doan has treated a topic which is of 
growing importance in the development of electric welding. 
In order that we may attack intelligently the problems involved 
in increasing speed of welding or of improving the quality of the 
weld, we must know the factors which control the generation and 
consumption of heat energy in the are, particularly at the eathode. 

It seems to me the weakest spot is his assumption of 62.5 per 
cent of the current in the are being carried by the electrons 
(p. 2. Item (1)). In Compton’s paper on The Electric Arc, 
Trans. A. I. E. BE. Vol. XLVI, p. 876, in discussing Ginther- 
schulze’s work on the mercury are, we find f the fraction of the 
current carried by electrons to be from 25 per cent to 16 per cent. 
This is also confirmed by Slepian in his discussion of Compton’s 
paper Trans. A. I. E. KE. Vol. XLVI, p. 879. 

In the paper by Slepian on the Extinction of a Long A-C, Are, 
presented at this convention, he again brings up this point that 
the fraction of the current carried by the electrons probably is 
very small indeed and he goes to Compton’s compilation. We 
have no positive evidence for the iron are as to the value of this 
factor f the percentage of the are current earried by electrons. 
We are forced to guess as Dr. Doan did, yet this one factor alone 
controls the major portion of the computation of heat energy 
generated at the cathode. 

In the computations of heat energy made by Dr. Doan and 
summarized on page 728, we find that items (2), (3), and (4) are 
very small and even 100 per cent error in computing them will 
not affect greatly the total heat generated. They, however, are 
relatively more precise than item (1). On the other side of the 
balance sheet, item (5), that is, the sensible heat at the melting 
electrode, is relatively quite accurate, item (6) is not so precise 
nor is item (9), yet they are both small. Item (7), the heat dis- 
bursed by the evaporation of electrons, depends again on this 
value of f. Therefore the largest uncertainties occur in just 
those items involving f, one on each side of the balance sheet. 

Tf all the factors of heat generation and consumption have been 
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listed or at least the important ones, then can we not find f by 
balancing the sheet, and either prove or disprove the thermal 
ionization theory by recomputing f. I have done that in a very 
casual way by assuming the fraction of the current carried by 
the electron is 0.3. 

Anassumption of f = 0.30 gives 


item (1) 226 cal/sec. item (5) 161 


(2) 3 (6) 13 
(3) 9 (7) 46 
(4) 10 (8) 18 
248 eal/sec. 238 cal /sec. 


This makes the energy balance fairly good. This again checks 
with Alexander’s computation. 

What physical reasons would influence this value of f? 

A computation of the true thermionic emission from the 
cathode hot-spot using Dushman’s modification of Richardson’s 
equation 


t= Aglelk, 
and assuming A = 60 amperes/sq. em./deg.?, 7 = 2700 K 
(Doan gives temp. of hot spot as 2450 deg. cent. boiling point of 
iron) and das 4.2 5 eq. volts (Doan uses this value on page 729 in 
computing item (7) evaporation of electrons) and calling the area 
0.1236 sq. em. (given by Doan on page 726) we find about 0.5 am- 
pere as the thermionic saturation current. Since the are is 
carrying 150 amperes, this is about 0.3 per cent and almost 
negligible. This indicates to me at least that, in spite of the 
fact that we know it is very hot, we cannot have a very large 
thermionic current. 

We must hence fall back on ‘“‘pulling electrons’ out of the 
cathode by an intense potential gradient. Now the positive 
iron ion is not as heavy as the mercury ion and is somewhat more 
mobile. It is far heavier than the carbon positive ion and far 
less mobile. Therefore we might expect that the potential 
gradient would be less steep than the gradient near the mercury 
cathode and steeper than that near the carbon cathode and in 
both of those ares we know the condition somewhat better than 
in the case of the iron are. 

Furthermore the carbon cathode is much hotter than the 
iron cathode and hence would have greater pure thermionic 
emission per unit area. All this reasoning points to a value of f 
for the iron are between Giinther-Schulze’s 0.25 (computed by 
Compton & Slepian) for the mercury are and Compton’s 0.55 
for the carbon are and, therefore, my assumption at least of 0.30 
is not unreasonable from a philosophical standpoint. 

That we should be using a value of f less than 0.5 can be 
justified also from the standpoint that the eathode drop V, does 
exceed the ionizing potential and hence Compton’s argument on 
page 876 of his paper drops out. 

I believe we will have the greatest difficulty in determining f 
by any direct measurements but possibly a refinement of Dr. 
Doan’s work will allow us to compute backward for it. 

J. C. Lincoln: Dr. Doan’s paper is based to a consider- 
able extent on the assumption that the metal goes across the are 
in globules. 

If you will look at the oscillogram in Mr. Alexander’s paper 
you will see that the oscillogram shows the voltage, dropping 
practically to zero every 10 to 30 cycles. The short cireuit lasts 
for one or two cycles, indicating that at these times the are is 
actually short-circuited by a globule of metal between the are 
and the work. 


We have been doing some work on electrodes in Cleveland 
and we found that when the are is heavily covered no short 
circuits appear in the oscillograph reducing the voltage, indicat- 
ing that with electrodes of this sort the metal goes across the are 
either as a vapor or as very small particles, particles which are 
small enough so that no short circuit in the are occurs. This 
demonstrates that in some types of electrodes no short circuit of 
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the are ever occurs. It seems to me likely that in the regular 
bare wire electrode in which short-cireuiting does oceur a con- 
siderable portion of the metal goes across the are either in the 
shape of vapor or in the shape of very small particles too small to 
short-circuit the are. 

If all metal went across the are in the form of globules the 
periods of short circuit as indicated by the oscillogram would be 
approximately constant. For example, a short circuit should 
oceur every 5 or 10 eyeles and this period should be approximately 
constant because, as is well known, the rate of feed of the elec- 
trode in the are is approximately constant. The oscillogram of 
Mr. Alexander’s paper shows that sometimes the are is short- 
circuited rather frequently and at other times 20 to nearly 30 
eyecles will occur between short circuits, indicating, it would 
seem to me, that during the time when no short cireuit occurs 
the metal goes across the are either in the form of vapor or 
very small particles which do not short-circuit the are. There= 
fore, conclusions. which are based on the assumption that all 
metal goes across the arc’in the form of globules would have to 
be revised. 

William Spraragen: I was very much interested in one of 
Dr. Doan’s assumptions. He stated that there are about two 
globules that go across the are per second. 

This summer when I was in Germany I saw a film of the study 
of the are made at very high speed; about 3600 pictures per 
second were made and with this high-speed motion picture film 
they: were able to study the transfer of metal in the iron are 
better than it had been done before. They found that the 
transferenee of metal takes place at a very rapid pace and, 
sometimes, the globule would cross the are in 0.16 to 0.002 
seconds and I think that on the average you might say that 20 to 
30 globules went across the are per second. However, I do not 
think that this matter seriously affects Dr. Doan’s calculations. 
Those who are interested will find it very much to their advantage 
to study this paper and perhaps through experimentation or 
calculation arrive at more definite values for some of the assump- 
tions that Dr. Doan makes in this paper. 


R..C. Mason: It seems to me hardly reasonable to take 
f = 0.625 arbitrarily, as Dr. Doan does, without examining the 
sources from which the values of f come. The methods em- 
ployed in this paper have been applied to the carbon and the 
mereury ares by Compton and by Gunther-Sehulze. For the 
earbon are, where thermionic emission can account for all the 
current carried by electrons, Compton did find f = 0.63. In the 
calculations, though, the value of the cathode fall was taken as 
9 volts. Recently Nottingham (J. F. 7. 206, 48, 1928) has found 
the cathode fall to be 5 volts. If this value had been used in 
Compton’s calculations, f would have come out 0.47. For the 
mercury are Gunther-Schulze obtained f = 0.55 only by assum- 
ing ~, = 7.1, a value probably much too high, as later work of 
Compton and Van Voorhis shows that ¢ is likely close to zero. 
Compton, using practically the same data as Gunther-Schulze, 
but setting @, = 0, found f = 0.16 to 0.25. Only by assuming 
that no heat was lost by evaporation or radiation, and that 
electrons were pulled out by high fields so that @—~ = 0, could f 
become as high as 0.70. It is not at all certain that the first 
assumption is justified, and if it is neglected, f = 0.23 to 0.36. 
Even if the cathode fall were as high as 12 volts, f = 0.45 to 0.54. 
So there is no basis for saying that f = 0.625 for the iron are. 

For ares in which there can be no considerable thermionic 
emission, two theories have been developed to explain the way in 
which current is carried to the cathode: (1) The first, suggested 
by Langmuir, assumes the cathode fall to be concentrated in so 
small a distance as to give a gradient of millions of volts per em.; 
such a high field may pull out electrons from even cold metals. 
(2) The second, due to Slepian, suggests that the current is 
earried to the cathode perhaps entirely by positive ions, arising 
from intense thermal ionization just in front of the cathode. An 
accurate knowledge of f, then, is of great importance in differ- 
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entiating between these two theories; so, it is more to the point 
to take the data given by Dr. Doan and calculate a value for f. 

In Dr. Doan’s energy balance sheet, item (7), the heat lost by 
evaporating electrons, should be neglected. The value given 
would be correct only if the fraction f of electrons escape by 
ordinary thermionic emission. By either theory of the are, 
f @- will be equal to zero, or at any rate will be very small, for by 
the first theory, @_ approaches zero, and by the second, f ap- 
proaches zero. 

Incidentally, the latest values of the boiling point and the 
latent heat of vaporization of iron, as given by the International 
Critical Tables, Vol. 1, are somewhat higher than those used by 
Dr. Doan. If the new values are used, and the same methods 
of calculating employed as in the paper, the total heat in the 
molten iron and the heat lost by evaporation and by radiation 
are increased by about 10 per cent. 

Putting + g_ = 0, g; = 0,and making the changes men- 
tioned above, we have for the revised energy balance sheet: 


: Cl — go Vet 
Heat db thode ———_—____—_ vee 
eat received by cathode £187 + 32.5 
Heat lost by cathode 225.85 
By equating the two, we can solve for f. Thus 
193.35 x 4.187 5.38 
ast] Se es ee 
f OOo Ve 


What value shall be taken for V.? Nottingham has measured 
the cathode fall of a number of ares at atmospheric pressure, and 
has found that the cathode fall is ordinarily the first ionization 
potential of the active vapor—usually the vapor of the cathode 
material—but in the normal copper are, the cathode fall was the 
same as the second ionization potential of copper. Russell - 
(Astrophys. Jour. 66, 250, 1927) gives as the most probable values 
of the first and second ionization potentials of iron, 7.83, and 16.5 
respectively. We might not be surprised to find either of these 
as the cathode fall. 


We can also get an idea of V. by calculating the anode fall by 
the energy balanced method. Dr. Doan believes that about half 
the total are energy goes into the anode, as evidenced by equal 
rates of melting of the cathode and anode. At the anode though, 
considerable heat may be lost by conduction. As an upper 
limit, the energy lost at the anode may be found from the cathode 
energy. calculated above, for total energy = (energy lost in are 
stream + energy lost at cathode) + energy lost at anode. 

Then, the anode energy lies between 290 and 354 calories. ° 

All the current at the anode is carried by electrons, so almost 
all the energy input =7(@_ + V._). Making minor correc- 
tions for heat inputs analogous to items (3) and (4), we have 
4(O_ + Va) = 261. or 325. Leto. = 4 then Vz = 3.3 or 
5.1 volts. The voltage fall in the are stream is about 2 volts. 
Thus, the upper limit for the cathode fall, as caleulated in this 
way, lies between 12.7 and 10.9 volts. The cathode fall cannot 
correspond to the second ionization potential of iron, nor to the 
first ionization potential of oxygen or nitrogen. 

Putting in these different values of V., we have for f, 


If V, = 7.83 f = 0.31 
Ve = 9.0 f = 0.40 
V, = 10.9 f = 0.51 
Ve = 12.7 f = 0.576 


It seems very probable that f is less than 0.5; so if we accept 
Langmuir’s theory of the are, some of the 1 — f positive ions 
must be created by means other than direct impact of the f 
electrons coming out from the cathode. If f = 0, as by Slepian’s 
theory, V, must equal 5.38; or else, if V. is larger than 5.38, then 
not all of the positive ions possess the full energy V, when they 
reach the cathode. 

The chief experimental contribution of Dr. Doan’s paper lies 
in the data for energy lost at the cathode. When we have an 
accurate value of the cathode fall of the iron are, these data will 
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be of great assistance in finding an explanation of the mechanism 
at the cathode. 

K. T. Compton: I agree with the men who have previously 
discussed this paper that the greatest value of Dr. Doan’s work is 
in enabling us to estimate some of these unknown quantities 
which without careful work of this sort would have to be guessed 
at rather blindly. 

Since my name has been attached to some of these theories, I 
feel a bit like a father with two children, because there are two 
theories involved, and I must say that I feel like a father with two 
children one of whom is only about half right. I hope I may be 
able to clarify the matter somewhat if we distinguish these 
two theories. 

First was a theory I proposed in 1923 to the effect that the 
current was earried at the cathode by thermionic emission. 
About the same time Langmuir proposed a theory that the cur- 
rent at the cathode was due primarily to electrons which were 
pulled out by the very large electric fields existing at the cathode. 


The difference in the heat balance is simply that on the ther- 
mionie theory every electron which comes out cools the cathode 
and on the other theory the electrons which come out do not cool 
the cathode, but are pulled out by an external agency; conse- 
quently, the theory as to the mechanism of the electric are is 
involved in the present discussion of the heat balance.only in the 
question as to how to evaluate one of the terms which enters into 
the balance equation. 


The second theory, that of the heat balance at the cathode, is 
nothing less than the theory of conservation of energy. It must 
be right if we take all the facts into consideration and properly 
evaluate them. 


If we assume, not as Dr. Doan did, that the electrons are 
evaporated, but assume that they are pulled out as seems to be 
the ease in metallic ares, as I pointed out in a paper of 1927 which 
has been referred to, then item 7 of Dr. Doan’s paper which was 
given as 95.5 should be reduced to zero. 
partially pulled out, the value would lie between 95.5 and zero. 
This correction is in a right direction to bring about a balance, 
but is not sufficient. 

There is a second point, namely, regarding the quantity O+ 
which is the heat of neutralization of a positive ion at the cathode 
surface. Two or three years ago Dr. Van Voorhis and I pre- 
sented experimental evidence which led us to believe that Q + is 
much less than its theoretical maximum value V; — ¢_ and is 
perhaps nearly zero,—giving a reasonable qualitative reason for 
this. In drawing this conclusion we failed to recognize a new 
phenomenon which enters in and which has not yet been called 
to attention, and which I will now describe. 


If we have a cathode surrounded by a region in which there is 
a eathode drop, being bombarded by positive ions that fall 
through the cathode drop, it has been considered in all preceding 
attempts that these positive ions became neutralized and at the 
same time gave up all their kinetic energy to the cathode. Re- 
cently we have found that is not correct, but when neutralized, 
ions have a tendency to go away with considerable energy. It is 
something which has been recognized in the cooling of hot wires 
by gases and described by the term “accommodation coefficient.” 
A gas or vapor molecule that strikes a surface at a different 
temperature from that of the gas or vapor, does not come away 
necessarily in thermal equilibrium with the surface which it 
struck, but partially in equilibrium. In the present case they 
have come up with high speed and apparently they carry away 
some of their energy. 

As far as this is concerned, this alone would make the heat 
balance worse, but it was this phenomenon and not the phenome- 
non that we thought it was that led us to the probably erroneous 
conclusion that g4 was negligible. In view of this newly dis- 
covered phenomenon, we now see that ~} may not be negligible 
but may be as high as 4.5 volts as an upper limit, so it must be 
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somewhere between zero and 4.5. If we take this into account, 
item 1 can be raised to a maximum possible value of 169. 

If we make these two corrections, the heat balance checks out 
191 against 192. This apparent exact check is purely by accident, 
for I don’t think it means anything as nice as that because the 
fraction f of the current carried by electrons is the big unknown 
factor and I agree with the previous speaker that the great value 
of work of this sort at present is that it has given us some addi- 
tional very carefully obtained data whose greatest use will be to 
aid in determining that particular quantity f. 

C.A.Adams: Although theoretical analysis of the phenomena 
of the metallic are is at the present time rather crude and subject 
to question from the quantitative standpoint, and although it 
may seem rather useless to the practical man, it is certain that the 
more we know about the reason why of these phenomena, the 
more likely we are to be able to solve the many troublesome 
problems of are welding. 

Dr. Doan assumed the resistivity of molten steel at 225 
microhm-centimeters. After searching the literature very thor- 
oughly, I failed to find any authentic experimental data on this 
subject, but as this resistivity was very important in connection 
with some high-frequency induction furnace work, I used the 
indirect method and adopted a value which checked with the test 
results on a considerable range of furnace sizes. This value was 
166 microhm-centimeters. I do not claim that this is exact 
because of the approximations involved in the method of ealculat- 
ing the furnace constants. Ido wish to point out that apparently 
no direct test has ever been made. 

Mr. Lincoln spoke of our ideas in regard to the properties of 
cast steel as compared with forged or wrought steel. The facts 
seem to be that if you ean get cast steel which is pure, that is, free 
from non-metallic inclusions and from excessive gas inclusions, 
there is no reason why it should not have the same properties as 
forged steel, assuming of course the same heat treatment. Asa 
matter of fact, it has been found that large gun barrels made of 
centrifugal castings are superior to any forged guns. 

Our problem in are welding, therefore, consists in so depositing 
the metal (assuming it to have the proper composition) that it 
will be clean, that is, free from non-metallic inclusions and also 
from occluded gases and porosity. Owing to the conditions 
surrounding the are welding process, it is not likely that we can 
reach perfection in this matter, but we are in fact approaching it 
close enough to produce welds substantially equal in properties 
to the parent or base metal. The use of the short are, of fluxed 
electrodes, of the shielded are, of the atomic hydrogen torch, are 
all for the same purpose, namely, to protect the metal in passing 
through the are from contamination by the surrounding 
atmosphere. 

J. C. Lincoln: Dr. Doan has given some very valuable 
theoretical considerations of what goes on in the are. Two or 
three years ago Professor Compton had a paper before the 
Institute on the subject of what happened in the are and as a 
discussion to Professor Compton’s paper, I called attention to the 
fact that when a carbon is used as the negative terminal and a 
hollow water cooled copper electrode is used as a positive, a 
strange phenomenon results which we have called the electric 
torch. A long, very hot flame is projected through the hole in the 
hollow positive electrode and most of the heat of the are is found 
in this flame. It is my belief that a further investigation of this 
phenomenon would lead to further knowledge of the mechanics 
of the are and I hope that some one else besides myself will talk 
about this phenomenon in the near future. 


J. M. Weed: The papers and discussions to which we have 
listened have illustrated the very small extent of our knowledge 
of the welding arc. For instance, in Dr. Doan’s paper, we 
have Professor Compton’s formula for calculating the energy of 
ionic bombardment for the general are applied to the welding 
are. If this formula is applicable to the welding arc its usefulness 
depends upon the possession of correct values of the various 
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constants which appear in the formula. Not one of these con- 
stants is known within wide limits. It is not strange, there- 
fore, that the caleulation for heat received by the cathode is only 
one-half of that caleulated for disbursement. 

Dr. Doan’s calculation for heat disbursed from the cathode 
is based upon the assumption that practically all of the electrode 
metal is transferred to the work in liquid condition. I am sure 
that a large amount of it is so transferred, but I am equally 
convinced that a considerable portion is transferred in the form of 
vapor. This vapor forms at the electrode tip and condenses in 
the erater on the work. This phenomenon is the same whether 
the electrode is negative and the work positive as assumed in the 
paper or the polarity reversed. It is caused by the great thermal 
capacity of the work which results in a lower temperature in the 
crater than on the electrode tip. The continuous formation of 
vapor at the electrode tip results in an elevated vapor pressure at 
this end of the are, while the condensation in the crater lowers the 
pressure here. The resulting pressure difference causes the vapor 
to flow from the electrode to the work, forming a draught which 
is sufficient to earry globules of the unvaporized molten metal 
with it even against the action of gravity in the case of overhead 
welding. 5 

This conception of the way metal is transferred across the are 
is practically forced on one who carefully observes and studies its 
action under various conditions. If this view be accepted, Item 
6 of Dr. Doan’s thermal balance becomes important and the 
discrepancy in the calculations will become considerably, greater 
than that shown in the paper. 

The conception of a practically equal distribution of heat 
between anode and cathode supported in Mr. Alexander’s paper 
on the strength of experiments which bear no close relation to the 
welding are and advanced in Dr. Doan’s paper on the strength of 
data not given in the paper is one which I think may be seriously 
questioned. From one point of view the total heat of the are, 
with exception of losses incurred, is delivered to the work. The 
condensation of metallic vapor from the electrode delivers its 
latent heat to the work, and a very important contribution is 
made by the superheated metal deposited from the electrode. 
From this point of view portions of the heat may be utilized over 
and over again as part of it is radiated back to the electrode tip 
and again delivered to the work. The importance of radiation is 
demonstrated by large differences in the melting rates of the 
electrode when welding on cold and hot plates. 


If we consider the distribution of the heat in its initial genera- 
tion, I have no doubt that this varies greatly with conditions, 
such as the composition of the electrode and the coating material 
used, the composition and the temperature of the work, the rate 
of travel along the work, the amount of welding current used and 
the length of the are. It would certainly be dangerous to make a 
general assumption regarding the distribution of heat between the 
cathode and anode. Moreover, I have no doubt that all of the 
variables here mentioned, and some besides, will affect the values 
of the constants appearing in Compton’s formula and most of the 
items appearing in Dr. Doan’s calculations. 


It is unfortunate that we have made so little progress in the 
investigation of the fundamentals of are welding. These papers 
indicate some lines of attack, and will inspire renewed efforts 
along these lines. 


F. Creedy: One of the speakers referred to the very high 
speed film that has been taken of the are. I should like to ask 
whether that didn’t show some high-frequency oscillations? 
For instance, in all papers we see this high-frequency vibration in 
are voltage and it seems to me it hasn’t received sufficient atten- 
tion. In some of my oscillograms the frequency is about 20 
cycles per second, far higher than the frequency with which drops 
pass. It is closely connected with the transmission of the iron 
vapor across the are in the form of mist or spray and any further 
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light that could be thrown on the subject by means of a film 
would be extremely valuable. 

G. E. Doan: Professor Barker’s suggestion that f be eal- 
culated from the heat balance instead of using Professor Comp- 
ton’s value and from this calculating the iron are heat balance, 
is interesting. This is exactly what Professor Compton did in 
reference No.3, using the mercury are and the carbon are, and his 
conclusion about f was used as a basis for the newer study of the 
iron are. The suggestion is a logical one and, in view of the later 
work of Compton, the results of the calculation seem well sub- 
stantiated. As presented, the heat balance forms a trial of the 
generality of the laws established for the other ares, and shows 
the need of modification. I think the lower value of f chosen by 
Professor Barker is quite probably much nearer the true value, 
as is indicated by the better agreement of the heat balance. 

Mr. Lincoln assumes that the smaller fluctuations on the 
oscillogram of are voltage are due to detachment of spray, the 
larger ones being due to detachment of larger globules. This 
may very well be the case. They might be caused, however, by 
other means such as Professor Creedy suggests, 7. ¢., by rotation 
of the are stream about the globule. 

To assume that all of the metal is transferred as vapor, even 
during the intervals between detachment of globules, would 
entail a drastic cooling of the electrode tip by the evaporation of 
iron. This would cool the tip and thus prevent globule growth 
and subsequent detachment of globules. Again I must say that 
insufficient energy is available at the cathode for continued 
evaporation of iron at the normal rate of deposit. It may, 
however, pass as mist or spray without this drastic cooling of the 
electrode tip. 

Mr. Spraragen’s remarks pointing out that rapid motion 
pictures reveal 7 or 8 globules passing per second would modify 
the calculations of ‘‘mean globule size.”” They would not affect 
the larger items such as rate of melting, rate of evaporation, etc. 
The study of the are by motion picture records may, it is hoped, 
shortly reveal a better picture of the mechanism of transfer of 
metal. 

Mr. Mason suggests using the heat balance of the iron are as a 
basis from which: to compute f, just as does Professor Barker. 
The results at which he arrives are clearly stated. If V, for the 
ironare were known, theequation could be satisfactorily completed. 

The light of recent investigations which Professor Compton 
brings to the problem, especially in the matter of the accormmoda- 
tion coefficient of gas or vapor molecules in the neighborhood of 
hot surfaces is most welcome. In this case need ‘not be 
considered as equal to zero. With the corrections thus made 
possible a better balance is brought about. The work of Pro- 
fessor Compton and his school does in this instance, clearly 
illustrate the value of purely scientific measurements as the 
basis for engineering work. 

The author had the same difficulties in finding a value for the 
resistivity of molten iron as has Professor Adams. The value 
finally used, 225, was obtained by linear extrapolation from the 
temperature coefficient for solid iron. Recently published data? 
for pure iron at 1550 deg. cent give 133, which is nearer to 
Professor Adams’ figure of 166. This correction would change 
the total by only 1 or 2 per cent. 

It does not seem logical to expect iron vapor (atoms) to 
evaporate at the electrode and condense at the member being 
welded. As Mr. Weed suggests, both are at a very high tempera- 
ture. Mr. Alexander has shown in his paper that blasts originate 
in both poles and oppose each other. This might merely 
indicate, as one would expect, that the mid-section of the are 
column was a region of lower pressure, rather than the member 
being welded. It would be interesting to explore the column 
with a pressure measuring device similar to a manometer. 


1. Sauerwald, ‘Lehrbuch der Metallkunde,”’ Berlin, 1929, p. 8. — 
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Synopsis.—This paper discusses the butt welding of steel sheets 
by the carbon are process. It explains first that autogenous welding 
is divided into two main classes, viz., gas and electric; that electric 
arc welding is divided into two classes, viz., metallic and carbon arc. 

Gas and metallic arc welding in general require beveling of plates 
for butt welds while carbon arc welding does not. The controlling 
variables in carbon arc welding are (1) amperes in the arc, (2) voltage 


ITHIN the last few years, the fusion welding 

method of joining steel sheets has come into 

increasing importance. In some cases it has 
replaced the riveting method. In fact those vessels 
which carry fluid under the highest pressure and highest 
temperature can be made only by the welding method. 
For instance, it is impossible to make the large stills for 
cracking petroleum products into gasoline by the 
riveting method. In these stills the temperatures are of 
the order of 1000 deg. fahr. and the pressure of about 
1000 Ib. per sq. in. A large number of these stills has 
been welded and has been in satisfactory operation 
for years and a representative of one of the largest 
boiler-making concerns in the country stated recently 
that it would be impossible to make such a vessel 
by riveting. : 

There are three fairly distinct processes of welding 
steel sheets to each other, (1) the acetylene gas process, 
(2) the metallic are process, and (3) the carbon are 
process. In the acetylene gas process the edges of the 
sheets are melted by the oxy-acetylene flame and 
additional weld metal is melted between the sheets, 
’ thereby joining or welding them together. In the 
metallic-are process an arc is drawn between a piece of 
wire and the surface of the sheets to be joined. The 
arc heats the surface of the sheets to a melting tempera- 
ture and at the same time melts off a portion of the 
metallic electrode. This molten metal fuses with the 
surface of the sheets and thereby makes a weld. In 
both of these processes it is necessary in most cases to 
bevel the edges of the sheets so that the heating flame 
can fuse the surfaces at the bottom of the sheets. Fig. 
1 shows a sketch of sheets ready to be joined and shows 
the beveling of the sheets which allows the gas flame or 
the metallic are to fuse the bottom portions, thereby 
making possible a weld clear through the sheet. 

The third process is the carbon are process which is 
the subject of this paper. The use of this process does 
not require beveling the edges of the sheets which are 
to be joined. 

The carbon are process has the advantage of being 
able to melt clear through a sheet 14 or %% in. thick 

1. The Lincoln Electric Company, Cleveland, Ohio. 
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across the arc, (8) magnetic field about the arc, (4) atmosphere about 
the arc, (6) speed of feed, and (6) filling-in material. 

Discussion is given of the effect of each of these variables of the 
resulting weld with special reference to the action of a magnetic field 
parallel to the direction of the arc wpon the current in the arc and the 
effect of the atmosphere about the arc on the ductility of the resulting 
weld. 


without previous beveling. This is due to the fact that 
most of the heat in the carbon arc is developed on the 
positive terminal which in this case is the surface of the 
sheets to be joined. This excess of heat on the positive 
terminal produces a crater which is deep enough to 
penetrate through the sheets. 

Fig. 2 is a sketch showing the cross section of the 
essential parts of the mechanism necessary to the use of 
the carbon arc. The lower sketch, Fig. 2, is a cross 
section of two plates butt-welded by the carbon arc 
process. The carbon are process has the important 
advantage that the resulting weld is more ductile than 
the ordinary metallic are weld. 

Fig. 3 is a view. of the welding head, the carbon 
electrode, the string reel, feeding mechanism, and 


1—Suowine Brvet REQUIRED FOR ACETYLENE OR 
Merat Arc WELDING 


Fig. 


general assembly. Fig. 4 is a view of the whole machine. 
As seen in Fig. 2 the work is held in the machine by 
clamps on each side of the weld which are operated by 
compressed air. When it is desired to make a weld, the 
metal is rolled into the form of a tube, introduced into 
the machine with the seam midway between the clamps 
and when the seam is properly located, the clamps are 
dropped on to the metal to hold it rigidly in place. 


The bottom of each clamp is formed of copper fingers 
which firmly grip the cylinder. Copper is used for the 
fingers on account of its high heat conductivity, so that 
while the weld is being made the intense heat of the arc 
will not fuse the fingers. , 

The operation is very simple. The arc is struck at one 
end of the seam to be welded. The welding head is 
moved along the seam by automatically controlled 
means and when properly adjusted the weld is made 
clear through the thickness of the sheets to be joined. 
When the head has arrived at the other end of the seam, 
the weld is completed. 
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At this time, the two clamps are raised by pneumatic 
or hydraulic means and the welded cylinder, which may 
be pipe or part of a range boiler, or part of an unfired 
pressure vessel of any sort, is removed from the machine 
and the operation is repeated. 

There is a number of variables which have to be 
adjusted to each other and to the work to be done in 
order to get the best results. The controlling variables 
may be mentioned as: (1) the amperes in the arc, (2) 
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the voltage across the arc, (3) the magnetic field in the 
space occupied by the arc, (4) the atmosphere about 
the are, (5) speed of feed, and (6) the material which 
may be laid along the seam to be joined to furnish added 
weld metal so that the cross section of the weld will be 
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somewhat greater than the cross section of the original 
sheets which are being joined. 

The variables which occur in the resulting weld and 
which depend on the proper control of the variables 
mentioned above may be listed as: (1) the depth of 
the weld, (2) the width of the weld, (8) the tensile 
strength of the weld, and (4) ductility of the weld. 

The carbon arc process which I am describing is called 
the “‘Electronic Tornado” process for the reason that the 
metal in the molten state is revolved by magnetic 
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action. There is provided in the movable head a 
winding which produces a magnetic field whose lines 
are substantially parallel to the direction of the arc. 
This field accomplishes two purposes: (1) It produces 
a rotation of the material which is being melted by the 
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arc, thereby mixing it more thoroughly, and (2) It 
provides a magnetic field which is in such a direction as 
to ‘‘stiffen” the are and render it thereby less liable to 
trouble from parasitic magnetic fields. 

Those who have had experience in are welding know 
that the presence of parasitic magnetic fields causes a 
blow of the are, especially at the end of a weld, which 
makes welding much more difficult than it otherwise 
would be, and by rendering the work more difficult is 
likely to interfere with its quality. 


The reason’ why the magnetic field produces the 
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rotation of the melted material can be seen from Fig. 5. 
It is a fact that in any carbon arc the cross section of the 
arc is smaller at the carbon electrode than it is at the 
work, or in other words, the are is cone-shaped, the 
small end of the cone being at the carbon electrode. 
With a cone-shaped arc there is a component of current 
at right angles to the axis of the are. This component 
of current is acted on by a magnetic flux parallel to the 
axis of the are which produces rotation. Experience 
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shows that this rotation causes a more perfect mixing of 
the material which is being melted from the edges of 
the sheets which are being joined. 

The action of the controlling variables on the resulting 
weld will be commented on below in the order in which 
they were given. 

Current. The amperes in the arc in general determine 
the depth of the weld. This is what would be expected 
on account of the fact that the heat developed at the 
positive terminal of the carbon arc is equal to what is 
called the “anode drop,” multiplied by current in 
amperes. This “anode drop” can be taken as about 12 
or 13 volts and this multiplied by the amperes in the arc 
gives the watts and therefore, the heat developed at the 
immediate surface of the sheets which are being welded. 
The so-called ‘“‘anode drop” is practically independent 
of the current; therefore, the heat developed and 
consequently the amount of metal melted will depend 
substantially on the amount of current used. Table I 
gives thickness of metal, amperes required, volts across 
the arc, and speed for butt welds. 


TABLE I 


CURRENT, VOLTAGE, AND SPEED IN BUTT WITH THE 
CARBON ARC 


Current Voltage Speed 
Thickness amperes across arc ft. per hr. 

No. 14 0: 078 in. ....% 350 25 150 
ING 5:2 OF SOOM ay aya are 425 30 110 
No. 10° 07140 in... 5. 425 30 95 
BPLG Tas wisvctave © oles 450 32 75 
TAZ ER SCS Ce ae, CACO CLR es 450 32 60 
Sie ADinrremmtys <chaehsss.< 550 35 40 


Voltage across the Arc. The feed of the carbon 
electrode is controlled automatically by a magnetic 


Fig. 6—Sampues or Stee, WELDED AND DEFORMED WITHOUT 
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clutch and the carbon is continually rotated in order to 
preserve a symmetrical point on the carbon. The 
magnetic clutch operates when the voltage across the 
arc is greater or less than the predetermined amount and 
the feeding mechanism is thus brought into action. By 
this means the voltage across the arc is automatically 
maintained. When the voltage across the arc is high, 
the arc is long and the width of the weld is greater than 
it is with a short are. Another effect which exists is 
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that with a long arc the total heat developed in the are 
is greater than it is with a shorter arc and consequently 
there is some additional heat supplied to the surfaces 
which are being melted, though from a practical 
standpoint increasing the length of the are does not 
greatly increase the effective heat. 

Field Strength. The stabilizing magnetic field is 
produced by the winding shown in Fig. 5. The welding 


Fig. 7Z—Wetp Meta TwistEeD WITHOUT FAILURE 


current passes through this winding and the field is 
proportional to the current. About seven turns are 
ordinarily used. With 400 amperes this gives 2800 
ampere-turns. 

The Atmosphere around the Arc. The atmosphere 
around the arc is of controlling importance in determin- 
ing the ductility of the resulting weld metal. Experi- 
ence has determined that the oxidizing action of the 


8--WrLDED STRIPS WHICH FAILED UNDER TENSION 
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atmosphere is the cause of the lack of ductility in the 
ordinary metallic are weld and in the carbon are weld 
without means of controlling the atmosphere. In the 
particular head which is being described, a means is 
provided for controlling the atmosphere about the are 
which consists in feeding paper string continuously 
into the arc. This string burns as it approaches the 
are and produces an atmosphere having CO’, possibly 
CO and some hydro carbons. 
Speed of Feed. The speed of feed of the head or of 
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the are along the seam to be welded is controlled and 
varies from 6 in. to 8 ft. a minute depending upon the 
thickness of the weld to be made and the amount of 
current used, etc. As would be expected a high speed 
produces a shallow weld with a given current. A lower 
speed produces a deeper weld. The speed of feed and 
the current and the thickness of the weld have to be so 
adjusted in reference to each other that the weld will 
penetrate to the desired depth. See Table I. 

Feed-In Material. It is possible in general to make a 
weld which is stronger than the parent metal. In order 
to produce this result usually additional fill-in material 
is placed along the seam which is being welded so that 
after the weld is completed, its cross section will be 
about 20 per cent greater than the cross section of the 
parent metal. If desired special alloy fill-in material, 
such as nickel steel, may be used to increase the strength 
of the weld. 

It is likely that the art will grow toward the decrease 
of the amount of added metal because the only reason 
for adding 20 per cent to the thickness of the weld as 
compared to the parent sheet is to be certain that the 
strength of the weld is greater than the strength of the 
parent sheet. Probably five years from now 5 per cent 
added material will be considered sufficient to insure 
greater strength in the weld than in the parent metal. 

The welds made by this carbon-are process are very 
ductile and strong. Figs. 6, 7, and 8 show test pieces 
which demonstrate these points. Fig. 6 shows three 
pieces of 1% in. steel butt-welded with the addition of 
20 per cent of soft steel. These pieces were bent cold 
after welding asshown. No failure of the weld occurred. 
In the upper left corner of Fig. 6 is a strip of weld metal 
twisted around a pipe. In Fig. 7 are shown two strips of 
weld metal twisted cold without failure. Fig. 8 shows 
a number of sample strips of steel which were welded at 
their center. They were broken by tension and in 
every case the break occurred outside of the weld. 


Discussion 


B. L. Barns: Fig. 2 of Mr. Lincoln’s paper shows cooling 
shields but the slides which he has shown of apparatus set up on 
actual work do not, I believe, show the cooling shields in use. 
I wish to ask whether the cooling shields are used in the com- 
mercial use of the apparatus he deseribes. 

J.C. Lincoln: Fig. 2 is more of a diagram than anything 
else. All of the mechanism is not shown there, except the means 
of mechanically holding the plates. If you look at Fig. 5, 
you will see more nearly the actual apparatus. In Fig. 5 you 
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will see the copper case which holds the cooling water and the 
iron core which earries the flux and the winding which carries 
the magnetic field. 

Morris Stone: What were the physical properties of the weld 
that you made up according to the carbon are welding process, 
particularly the ductility figures, if you have them, elongation and 
reduction of area on the weld metal? ; 

J.C. Lincoln: Our methods of measuring ductility are very 
erude. What we do is to make a weld and put it ina vise and 
then bend it double. If it breaks before it bends double, we 
don’t think it is as ductile as if it bends before it breaks. Froma 
scientific standpoint, that is not a very exact measure. From 
a practical standpoint, it is quite valuable because if we ean get a 
weld that will bend double, we have a considerable degree of 
ductility. I can’t answer the question by giving the exact de- 
gree, but we have made some progress, as you can see from the 
samples. 

S. Martin, Jr.: What is the comparative ultimate strength 
of the plate and weld? If the ultimate strength of the plate is 
45,000 lb. per sq. in. and the plate 60,000 to 65,000 Ib. per sq. in., 
several holes could be drilled through the weld without causing 
the break to occur init. The yield point in the above case would 
be comparatively low for the plate and high for the weld and this 
would cause the plate to break first. 

I should also like to comment on the matter of the globule 
going across the are and shorting it. In metallic welding with a 
bare steel electrode the are is usually short. The short are per- 
mits the globules passing across the gap between the electrode 
and the plate to short cireuit the are, thereby giving the dips in 
voltage on the oscillogram. On the other hand, the coated or 
heavily fluxed electrode uses a long are which perhaps is too large 
a gap to be closed by a globule and, therefore, give the dip in 
voltage. This may assist in the analysis of the oscillograms. 

W. E. Crawford: What is the relationship between the 
yield point in the plate and in the weld metal? Is it not true 
that, probably due to the raising of the ultimate strength, you 
have also raised the yield point and thereby caused the plate to 
start elongating before the ultimate strength has been reached 
and thus reduced the ultimate strength and section of the sample 
being tested? ; 

J.C. Linco: To answer the question specifically, | would 
say that the plate is welded a little over half way through on one 
side and then a little over half way through on the other side so 
the welds intersect. There is no alloy steel used or anything of 
that sort. All we do is simply melt the original plate metal and 
that forms a weld metal. 

It is a fact that when metal is treated in that way, for some 
reason or other which we don’t know, the tensile strength is in- 
ereased. The approximate increase in tensile strength is in the 
order of 10 or 15 per cent in the samples which I have shown, 
but the remarkable thing is that the original plate metal when 
melted and passed through the are is stronger than the plate metal 
was before it was melted, as demonstrated by these samples. 

S. Martin, Jr.: Do you usea straight metal in cutting up the 
strip or higher grade of steel on the outside and inside of it? 

J.C. Lincoln: 
steel. 


The filling-in strip is ordinary low carbon 
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A Study of the Anomalous Charging Current and the 
Variation of Dielectric Energy Loss and Capacitance with 
Frequency in Solid Dielectrics 
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Synopsis.—The paper describes a research undertaken with the 
object of throwing light on the relations between the electrical prop- 
erties of dielectrics or insulating materials, especially on the relation 
between the ‘anomalous charging current” under a direct voltage test 
and the dielectric energy loss for an impressed alternating voltage. 

After a review of the theory of this relationship, the methods 
developed in this study for observing the anomalous charging 
current in condensers in the time range from 0.0007 to 0.100 
seconds after impressing a steady potential are described. The 
methods used in observing the ‘‘normal leakage current” and 
the alternating energy loss and capacitance in the frequency 


range from 200 to 4000 cycles per second are also described. 

The results of measurements by these methods on mica, glass, 
varnished cloth, and paraffin paper condensers are given. These 
measurements include a series giving the effect of varying tempera- 
tures on the properties of the glass and varnished cloth condensers. 

Finally, the comparisons between the dielectric energy loss and 
capacitance variation with frequency predicted on the basis of the 
d-c. anomalous charging current tests and the variations which were 
actually observed are given. These comparisons show that a fair 


agreement exists between the predicted and observed curves. 
ie oan hee 


I. INTRODUCTION 


A STUDY of the energy losses which occur in di- 
electrics in alternating fields is of importance be- 
cause of the effect of these losses in increasing the 

attenuation constant of telephone and telegraph cables, 
because of the reduction which the losses occasion in the 
current-carrying capacity of power cables, because of the 
role which the losses may play in the breakdown of di- 
electrics (according to the theories of breakdown due to 
thermal instability developed by Wagner,'! and Drey- 
fuss,? and others), and finally because of thelight whicha 
study of the losses may throw on atomic and molecular 
structure. 

2. The loss which occurs in a dielectric subjected to 
an alternating field was first observed in 1864 by 
Siemens,’ who noted a striking rise in the temperature 
of a glass plate condenser after it was charged and 
discharged in an oscillatory manner for a short time. 

Since that time the losses in dielectrics have been the 
subject of a great number of investigations.t The loss 
per cubic centimeter which occurs in many solid dielec- 
trics in a field which alternates between given peak 


electric intensities may be a thousand times as great . 


as the loss which occurs in the same dielectric in an 
unvarying electric field in which the intensity is kept 
constantly at the peak value attained in the alternating 
field. Many theories have been advanced which at- 
tempt to account for this excess loss.{ The postulated 
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properties of the dielectric upon which these explana- 
tions are based include, (1) the non-homogeneity of 
the material (Maxwell), (2) the presence of molecules 
which act as damped resonators, (8) the presence of 
free ions within the body of the dielectric, and (4) the 
presence of dipolar molecules in the dielectric. 

A close relation has been observed between the 
anomalous effects in a dielectric for alternating voltages 
(excess loss in dielectric) and for direct voltages (residual 
voltages, residual currents). Von Schweidler* has 
deduced the dielectric loss which should be observed in 
an alternating field in a dielectric which is character- 
ized by a given anomalous charging current curve in a 
steady field. The anomalous charging current curve 
of a condenser having a solid dielectric may be defined 
to be the curve which shows the differences between the 
instantaneous values of the charging current which 
actually flows under a steady charging e. m. f. and the 
corresponding values of current as computed by the 
classical theory assuming a constant value of resistance, 
inductance, capacitance, and leakage conductance. 

F. Tank’ experimentally determined the form of the 
anomalous charging current curve in the range of time 
from 0.0008 to 0.185 sec. after applying the steady 
voltage. He then calculated the alternating loss for a 
frequency of 50 cycles per second on the basis of this 
function by the method of von Schweidler and measured 
the losses at the same frequency. The measured losses 
were in good agreement with those calculated (differences 
from 0.4 to 23 per cent). The results of MacLeod® 
on solid dielectrics show a loss that varies with fre- 
quency in the range from 500 to 1,000,000 cycles per 
second in a manner which is in accord with the equations 
developed by von Schweidler and used by Tank. This 
result suggests the possibility of calculating the losses 
in solid dielectrics over a wide range of frequency from 
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the knowledge of the form of the anomalous charging 
current function. 

3. The objects of this investigation were, therefore, 
(a) to study experimentally the anomalous charging 
current in solid dielectrics and to compare the loss 
calculated on the basis of this current with that mea- 
sured over a range of frequency; (b) to determine the 
relative effect of the normal leakage current of the 
condensers tested on the total dielectric loss; (c) to try 
to arrive at conclusions as to the nature of the losses 
from the comparison of computed and measured loss; 
and (d) to try to obtain a physical explanation for the 
anomalous charging current. 


IJ. THEORETICAL DEVELOPMENT 


The anomalous charging current of a condenser. 


4. Suppose that a condenser (having a solid dielec- 
tric, such as glass, paraffin, rubber, or impregnated 
paper) is connected by a circuit of low resistance and 
inductance to a source of constant voltage EH. A 
“normal charge’ will then flow into the condenser, 
giving rise to the transient normal charging current 
which rapidly approaches zero. If the condenser 
has a solid dielectric, an additional current is super- 
imposed on the normal charging current. This addi- 
tional current is considered to have two components, 
the normal conduction current and the anomalous 
charging current. The final leakage current of the 
condenser after a sufficient time has elapsed so that 
this current has reached a steady value has been called 
the normal conduction current. The difference obtained 
by subtracting the sum of the normal conduction cur- 
rent and the normal charging current from the total 
observed current gives a component of current in the 
circuit which may be called the anomalous charging 
current. The anomalous charging current is closely 
associated with the anomalous effects observed in solid 
dielectrics, such as the residual voltage of condensers, 
the excess losses in alternating fields, and the variation 
of capacitance of condensers with varying frequency of 
the alternating field. The anomalous charging current 
has been the subject of a large number of experimental 
and theoretical studies.* The theoretical considera- 
tions given here will be limited to a brief development 
of the formulas used in the interpretation of the experi- 
mental results. 

5. The forms of the anomalous charging current 
curve for solid dielectrics have received much study, 
and empirically determined equations for the curves 
have been obtained by J. Hopkinson” and J. Curie.!! 
The investigations have resulted in the formulation 
of two laws to which the curves in general conform. 
The first law is to the effect that the ordinates of the 
anomalous charging current curve of a given insulating 
substance at a given temperature are directly pro- 
portional to the steady voltage impressed on the con- 


*See bibliographies loc. cit. 
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denser and to the capacitance of the condenser, thus 
ta = EC. > (t) (1) 
in which 7, is the anomalous charging current at the 
time t, His the applied voltage, and ¢ (t) is the anoma- 
lous charging current function which characterizes the 
given substance. The capacitance C, is the capacitance 
for a very short time of charge on direct voltage or for 
very high-frequency on alternating voltage, and has 
been called the geometrical capacitance by Curtis.” 
The second law governing the form of the anomalous 
charging current curves is the principle of superposition, 
which may be stated as follows: the anomalous charging 
current curve associated with a given increment in the 
impressed voltage is independent of the preceding 
values of the impressed voltage. For example, if the 
voltage H is impressed on the condenser at zero time, 
and at the time 6 the voltage changes by the amount 
Ae, the total current at the time ¢ is given by the 
undisturbed variation of the original current plus the 
current which the increment in voltage would produce 
if acting alone, that is 
ta = EC, ¢(t) + AeC, o$ (t— 4) (2) 
The experimental laws as enunciated above have 
been generalized to give an expression which makes 
possible the calculation of the anomalous charging cur- 
rent at any time ¢ after the application of a voltage 
which is an arbitrary function of the time EF (r). This 
is 


t 


d E(t) 
in = Cf —— g0-n dr, (3) 


where the } function is the same as that in Equation (1). 
If (¢— 7) isreplaced by u, Equation (3) may be written 


co 


dE (t— 
ae c.f = gw du, (4) 


0 


where u may be looked on as the elapsed time from the 


E (t = u) 


; 
increment in voltage ae ree to the fixed time f. 


‘This formula makes possible the calculation of the 


dielectric loss accompanying an impressed alternating 
voltage. 


Calculation of the dielectric loss and capacitance on alter- 
nating voltage. 

6. Let the condenser be connected to a source of 
alternating voltage e = E,, sin wt. It will be assumed 
that there will be a normal current given by 

to = wC,E, cos wt + G, EH, sin wt (5) 
where G, is the normal leakage conductance based on 
the measured normal conduction current defined in 
Section 4. 

In addition to the normal current, there will be the 
anomalous charging current of the condenser. This 
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component of current will be calculated by means of 
Equation (4). Since the applied voltage is 

Ey, sit wt, 
the function EH (tf — uw) in Equation (4) becomes 
E,, sin w (t— u). Introducing this in (4) ‘and expand- 
ing the sine function and differentiating with respect 
to wu there results 


t, = © Colm | COS wtf ow) cos wudu 
6 


tin ot f 6@)sinwudu |. (6) 
0 

Since the integrals in this equation do not contain ¢ 

they may be looked upon as constants at a given 

frequency, and the anomalous charging current becomes 

a sinusoidal function of fundamental frequency. If 

we let the integrals be represented by 


Ale fe (u)coswudu | 
e (7) 

B= /f/ou)snwudu 
0 


we can, by Equations (5) and (6), write the total 
alternating current in the form 
4=1,+%, = wC, En (1 + A) cos wt 
+ En (Go+ wBC,)sin wt. (8) 
This equation shows that the anomalous charging 
current has the effect of increasing the apparent 
capacitance of the condenser and of contributing a 
loss of energy. The apparent equivalent shunt capaci- 
tance C is given by 
CO = 6,1 Ay: (9) 
The tangent of the angle of phase difference ¢ for 
the condenser as computed from (8) becomes 


‘  G+toBo — G. 
Sees Key oe Ci (let A) 


The first term of the right side of Equation (10) gives 
the effect of the normal leakage conductance on the 
phase difference and the second part gives the effect of 
the anomalous charging current. For phase angles ¢ 
up to seven degrees the expression (10) also gives the 
power-factor of the condenser to an accuracy of one per 
cent, since in this range tan ¢ ~ cos 0, where 6 is 
the power-factor angle. 

7. The effect of the anomalous charging current on 
the capacitance and power-factor of the condenser 
can be computed from Equations (7), (9), and (10) 
provided the anomalous charging current function ¢ (wu) 
in Equation (7) is determined from theoretical con- 
siderations or empirically determined from experiment. 
Several observers* have been able to represent their 
results by the empirical function 


go (u) =Bu. 


*Hopkinson,!° J. Curie," von Schweidler,‘ Ashton,!* Jordan,“ 
Tank.® 


Z 1 
Peereril) 


(11) 
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The integrals in Equation (7) have been evaluated by 
von Schweidler for the function of Equations (11) for 
the values of » lying between 0 and 1, and the results 
are 


BT (1— n) cos (1 — n) 1/2 


A Fi (=n) 
. (12) 
pete Bm 
~ @-”) 271 (n) cos (1 — n) 1/2 
Where I is the Gamma function.t On substituting 


these values in Equations (9) and (10) we obtain 


BVT (1—n).cos (1 — n) 7/2 
c=c,[1+ os | as) 
and 
eng ca 
BW 
+ (14) 
iro 2. T.(n) cos (1 — n) = | © 


Equations (13) and (14) may be employed in the calcu- 
lation of the capacitance and power factor of a con- 
denser for different frequencies, provided the anomalous 
charging current function in Equation (11) is a good 
approximation to the actual current-time function over 
a wide range of time. 

8. By Equations (1) and (11) the anomalous charg- 
ing current variation with time for a steady impressed 
voltage is given by 


Des — E C.8 ip (15) 


where 8 and n may be looked upon as constants of the 
material of the condenser at the given temperature. 
These constants may be determined from a test of the 
anomalous charging current with a steady voltage 
impressed on the condenser. After these constants 
have been determined, the capacitance and power 
factor of the condenser can be calculated by Equations 
(13) and (14). This is the method followed in this 
study, and the predicted capacitance and power factor 
are compared with the measured values over a range of 
frequency. 


III. DESCRIPTION OF METHODS 


Method of measuring anomalous charging currents of 
condensers at short time intervals after applying 
a steady potential. 

9. The determination of the anomalous charging 
current curves for short time intervals after the appli- 
cation of a steady potential requires the measurement 
of rapidly varying currents of small magnitude. By 
means of the circuit and switching arrangement shown 
in Fig. 1, the trace of the anomalous charging current 
of the condenser C upon connecting it to the battery 


+See Pierce, B. O. ‘A Short Table of Integrals,” p. 140. 
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E is photographically recorded by the oscillograph 
vibrator V. In this circuit, the two switches S, and 
Ss; are opened by a bullet fired from the gun M. The 
switches S. and S; are small phosphor bronze strips 
about 0.2 em. wide, 0.038 em. thick, and 5 cm. long 
which are destroyed by the bullet. Initially the 
switch S, is open and the switches S. and S; are closed. 
The sequence of switching operations in obtaining the 
oscillograms showing the anomalous charging current 
of the.condenser C under the continuous e. m. f. of the 
battery is charted in Fig. 2. This sequence is as follows: 


String to [Se oe) ieee ee 
Oscillograph Trigger’ | ---~~- il (SSS SSS o! 
Holl deer eee, i 
a + eee deatten nay . 

A Si ! : EES ae 
re oe PT hse Be] ee te = 1 
a 3 Amplifier | 


I1—Circuir ror Mrasurinc ANOMALOUS CHARGING 
CURRENT OF CONDENSERS 


Fig. 


First Switching Operation. At the instant A (Fig. 2) 
the switch S, is closed and at the same time the string 
attached to the switch pulls the trigger of the “‘oscillo- 
graph worm contactor.” 

Upon the closure of the switch S,, current builds up 
in the circuit AS; BDLFGHA. This circuit con- 
tains a battery whose e. m. f. is, say, 100 volts; the cir- 
cuit has a resistance of 2000 ohms and an inductance of 
5 microhenries. Hence, the time constant of the cir- 
cuit is 2.5 x 10-* sec. The current in the above cir- 
cuit builds up to within 10-'* amperes of its steady-state 
value in less than a millionth of a second and continues 
to approach the steady-state value of 0.050 ampere until 
the circuit is disturbed by the opening of the switch S» 
in the manner described below. 

Second Switching Operation. The pulling of the 
trigger of the oscillograph worm contactor at the 
instant A drops a contactor in the groove of the worm 
on the shaft of the oscillograph drum. At the instant 
B, after from 0.3 to 1.3 revolutions of the drum, the 
contactor makes contact with the wire in the bottom 
of the groove, causing the shutter magnet to open the 
oscillograph shutter at the instant D, 3 cm. (9 mil. 
sec.) before the joint in the photographic film passes 
the light slit. The contactor remains in contact with 
this wire for one revolution of the drum and holds the 
shutter open for one revolution (100 mil. sec.). 

Third Switching Operation. The oscillograph shutter 
has a small mercury-contact switch mounted on its 
shaft which opens at the instant C when the shutter is 
three-quarters open. This closed switch is in the 
“oscillograph shutter-opening circuit’? and when it 
opens it causes the “shutter opening current”’ (which it 
had previously diverted) to flow through the tripping 
relay which pulls the trigger of the gun M at the 
instant E. 
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Fourth Switching Operation. The tripping relay 
which pulls the trigger of the gun M is so adjusted that 
it allows the zero lines to be traced on the film for 3 
em. (9 mil sec.) before and about 14 cm. after the joint 
in the film passes the light slit before the bullet from the 
gun opens the switch S». 

The bullet from the gun M opens the switch S, (that 
is, it destroys the contact strip S.) at the instant F, 
thus removing the shunt B DJ K from the condenser 
C which is under test. When the switch S; opens, the 
condenser C, of a capacitance of say 0.002 uf. is thrown 
in series with the resistance, inductance, and source of 
e. m. f. described above. This circuit is aperiodically 
damped; it has an undamped period of 6.3 10-4 mil- 
sec., and a time constant (C R) of 4 x 10 mil-sec. 
Accordingly the current of 0.050 ampere is diverted 
into the condenser and if the condenser is free of leakage 
currents and anomalous effects the voltage of the 
condenser will attain the voltage of the battery to 
within 2 x 10-7 volts and the normal charging current 
will be less than 10- amperes in 0.08 mil-sec. 

Fifth Switching Operation. The bullet from the 0.22 
caliber gun has a muzzle velocity of 30,000 cm. per sec. 
(1000 ft. per sec.) and at the instant G, 0.08 mil-sec. 
after opening the switch S», it opens the switch S:;, 
which is located 2.4 em. beyond S». When the switch 
S; is opened, it removes the shunt K J L F from the 
resistance R, and the anomalous charging current and 
leakage current of the condenser must flow through this 
resistance Ro, thereby setting up a difference of poten- 
tial between the terminals K and F of the resistance. 
This difference of potential is at every instant propor- 
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Fig. 2—CHART SHOWING SEQUENCE OF SWITCHING OPERATIONS 


tional to the instantaneous value of the current. This 
difference of potential is impressed on the amplifier 
terminals PQ. The output current of the amplifier 
is recorded by the oscillograph vibrator V, thus giving 
the record of the anomalous charging current plus the 
leakage current as shown in Fig. 2. A typical oscillo- 
gram showing two tests on a condenser is shown in 
Fig. 5. 

The system of shielding used in the anomalous 
charging current tests is shown by the dotted lines in 
Fig. 1. The battery supplying the voltage EH was a 
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storage battery having a 2.5 ampere-hour capacity. 
The distance from the muzzle of the gun M to the 
switch S. was 120 cm. A baffle was placed between the 
_ muzzle of the gun and the switch S». Its object was to 
reduce the amount of burned powder which reaches 
the region of the switches S, and S3. 

10. The magnitude of the difference of potential 
obtainable across the resistance R. with which to 
operate the amplifier is limited by the fact that the 
resistance R, must be kept sufficiently small. If the 
resistance R, is too large, the time constant of the 
circuit becomes too great and the current in the circuit 
will not give the true anomalous charging current. In 
these experiments, R», was limited to 100,000 ohms, so 
that the maximum time constant of the circuit after the 
shunt K J E F isremoved from R, is 0.2 mil-sec. 

11. The amplifier which was used is shown in Fig. 
3. This is a so-called ‘‘d-c. amplifier.” The amplifier 
comprises two stages of voltage amplification using four 
element tubes and an output stage consisting of two 
tubes in parallel. When the amplifier is properly 
adjusted the grids of all the tubes are at negative 
potentials with respect to their respective filaments. 
The potential of the grid of the second tube may be 
changed by means of the potential dividing resistance B. 
Such a change will change the output current. The 
steady plate current of the two output tubes is continu- 
ally present in the oscillograph vibrator V, thus giving 
rise to a deflection of the vibrator. This deflection may 
be looked on as a sort of false zero. This false zero 
deflection has a tendency to drift slightly in this type of 
amplifier. The adjustment B is needed to keep the 
false zero deflection at a preassigned value. Now an 
increment in the voltage applied to the input terminals 
of the amplifier causes a corresponding increase in the 
output current and in the deflection of the vibrator. 
A curve showing the relation between the increments 
in voltage applied to the input terminals and the 
corresponding increments in the output current will be 
called a calibration curve of the amplifier. This cali- 
bration curve formed the basis for the derivation of the 
values of the anomalous charging current from the 
oscillographic record. The following section describes 
an experimental check of the reliability of this method. 
The calibrating circuit is shown at the left in Fig. 3. 
While the calibration curve of the amplifier changes 
only slightly from time to time, either the whole cali- 
bration curve was taken after each anomalous charging 
current test, or one point on the curve was obtained as 
a check on a previous calibration. The sensitivity of the 
amplifier was such that a 20-millivolt increment in the 
grid voltage gave an increment in plate current of about 
30 milliamperes. With the sensitive oscillograph 
vibrator that was used (sensitivity of 10 millamperes 
per cm.) and using the maximum value of Rz of 100,000 
ohms, the over-all sensitivity was such as to give a 30- 
mm. deflection of the vibrator for a test circuit current 
of 20 < 10-* amperes. 
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12. Since an attempt was being made to measure the 
values of the transient current accurately for short 
time intervals after the start of the current, it is 
naturally: important to consider the problem of the 
determination of the shortest time at which reliable 
readings may be obtained from the oscillograms. Tests 
were made of the response of the oscillograph vibrator 
when constant alternating voltages of different frequen- 
cies were applied to the input terminals of the amplifier. 
The influence of the temperature of the damping fluid 
of the oscillograph vibrator on the resulting frequency- 
response curves was determined. These curves gave an 
indication of the optimum damping fluid temperature 
for the tests of the transient current. 

The shortest time for the first reliable reading on the 
oscillogram was tested by impressing a transient voltage 
of calculable time variation on the input of the ampli- 
fier. Then a comparison was made of the calculated 
current curve and that derived from the oscillogram 
for the test. The calculable transient current was 
obtained by charging an air condenser to a constant ~ 
voltage through a high resistance. The circuit of Fig. 1 
was modified to give the required test circuit. A con- 
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Fig. 3—Crrcurr DracRamM or AMPLIFIER 

denser C of 1.10 < 10-° farads capacitance was charged 
to a voltage of 124.0 volts through a resistance of 
2.04 xX 10° ohms. The comparison between the 
calculated current and that derived from the oscillo- 
grams is shown in Fig. 4. The results of the tests show 
that the initial current reading may be taken from the 
oscillogram at a time 0.7 mil-sec. after the start of the 
transient. This test may also be considered to be a 
check of the method of deriving the currents in the test 
circuit from the oscillograms. The slope and amplitude 
of the calculated curve are fairly well reproduced by the 
points obtained from the oscillograms. 

13. <A further test of the reliability of the apparatus 
consisted in a test for the anomalous charging current 
of an air condenser. The air condenser was placed at C 
in Fig. 1 and the test was carried out as described in 
section 9. After the disturbances which affected the 
record were reduced to a minimum, records were 
obtained which showed only a slight deflection using 
the maximum amplification. These tests showed that 
the anomalous charging current of the air condenser 
was less than five per cent of the currents observed in 
the later tests of the condensers having solid dielectrics. 
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Modification of the method of observing anomalous charg- 
ing currents for time intervals from 8 to 100 mil-sec. 

14. It can be seen from Fig. 5 that the anomalous 
charging current drops so rapidly with time that a 
deflection of 40 mm. on a record at 0.7 mil-sec. may 
drop to 4mm. at 8 mil-sec. The range of measurement 
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Fig. 4—Comparison oF MrasureD AND CALCULATED 
CURRENT IN TEst Circuit. SENSITIVE VIBRATOR UsEp. TEm- 
PERATURE OF DAMPING FLUID = 36 Dea. CENT. 
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Currents derived from Film 245 


was extended so as to obtain greater deflections after a 
time of 8 mil-sec. This was accomplished by two 
modifications of the method described in Section 9. 
One change consisted in arranging switches S. and S; 
in Fig. 1 so that they could be opened by a spring 
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5—Trsts or ConDENSER 36 (TREATED CLoTH) 


Film 302 E = 97.0 volts Re = 6000 ohms 
Condenser temperature = 60.0 deg. cent. 

Damping fluid temperature = 42 deg. cent. 

Frequency of timing wave = 1000 cycles per second 


operated lever. The time between the opening of S, 
and of S; was adjusted to 8 mil-sec. The other change 
consisted in inserting a resistance in the circuit of Fig. 
1 at the point Y so that the time of opening switch S; 
would be recorded on the oscillogram. A record taken 
by the modified method is shown in Fig. 6. 
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DESCRIPTION OF TEST CONDENSERS 


15. The condensers designated 35, 36, and 37 were 
constructed according to the same plan. A parallel 
plate condenser was made in the following manner. 
An even number of sheets of the dielectric were fitted 
with lead foil electrodes. These sheets were then placed 
between 7.5-by 9.5-by 0.6-cm. bakelite end pieces. 
The whole was then clamped together, using small steel 
angles outside the bakelite end piece to insure rigidity. 
Having used an even number of layers of dielectric in 
parallel it follows that the two outermost lead foil 
electrodes are connected to the same terminal of the 
condenser. This terminal was designated the ‘‘ground”’ 
terminal of the condenser. Each of these condensers 
was placed in a shallow metal pan having dimensions of 
11 by 11 by 4.5 cm. Condensers 35 and 36 were covered 
with melted petrolatum, and condenser 37 was covered 
with melted paraffin. 

Condenser 35 contains six 7- by 7-cm. sheets of soda- 
lime glass having. an average thickness of 0.125 cm. 
Thickness measurements were made by means of a 
micrometer. The lead foil electrodes were applied to 
both sides of each sheet of glass with a thin layer of 
petrolatum between the lead foil and the glass. The 
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Fie. 6—Terst or ConpEnssER 35 (Guass) 
Film 277 
E = 98.8 volts R2 = 80,000 ohms 
Condenser temperature = 30.3 deg. cent. 
Damping fluid temperature = 45 deg. cent. 


lead foil electrodes had the shape of a 5 by 5 em. square 
with a tongue 1.5 cm. wide attached to one corner. 
These tongues were soldered to a copper wire which 
formed one terminal of the condenser. 

Condenser 36 contains four 3.7- by 7-cm. strips of 
treated cloth taken from a “varnished cambric”’ cable. 
The cloth had been treated with black varnish. The 
average thickness of the treated cloth was 0.0307 em. 
The electrodes were effectively 2 by 5 cm. 

Condenser 37 contains two 7- by 7-cm. sheets of 
paraffin paper. The electrodes have dimensions of 5 by 
5 em. White bond paper having an average thickness 
of 0.0106 cm. was treated in paraffin under atmospheric 
pressure at a temperature of 112-118 deg. cent. for 60 
min. The paraffin had a softening point of about 53 
deg. cent. The electrodes were applied to the sheets of 
paper before the paraffin solidified. 

Condenser 39 was a commercial mica condenser which 
is molded into a bakelite case. Its nominal capacitance 
was 0.001 uf. This condenser was taken apart for 
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examination after the tests were concluded. It con- 
tained three effective sheets of clear mica having an 
average thickness of 0.0056 cm. The dimensions of the 
effective part of the electrodes were 1.55 cm. by 2.08 
em. The mica sheets were 0.5 cm. wider than the 
tinfoil electrodes. 


TABLE I 
RESULTS OF NORMAL CONDUCTANCE MEASUREMENTS 
Leakage con- | Conductivity 
Temperature,| ductance Go |10-'4 mho-cm. 
Condenser Material deg. cent. 10-19 mhos units 
a7 Paraffin paper 30 0.185 0.38 
39 Mica 30 0.086 0.43 
35 Glass 30 0.32 2.6 
40 1.4 11.4 
50 4.0 32.5 
60 TE SG 94. 
70 26.3 214 
36 Treated cloth 30 0.24 1.8 
40 Lil, 12.8 
50 5.0 37.5 
60 14.5 109. 
70 36.0 270. 


Arrangement of condensers for test. 

16. The large variation of the properties of dielec- 
trics with variations in temperature is well known. 
In order to conduct experiments at a constant tempera- 
ture, the condensers were installed in a metal box which 
was equipped with automatic temperature controlling 
apparatus. The temperatures of the condensers were 
read by thermometers placed adjacent to the condenser 
proper, and in the material used to cover the condenser. 
The observed temperatures have not been reported in 
the results, but instead the standard temperatures of 
30, 40, 50, 60, and 70 deg. cent. have been given. The 
observed temperatures for individual tests were not 
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more than 0.5 deg. cent. different from the standard 
temperatures. 

The metallic heating box served as the shield shown 
around the condenser C in Fig. 1. The “round” 
terminal of the condenser was connected in each case 
to the point marked K in Fig. 1. This connection 
minimizes the effect of the stray capacitance of the 
ground electrodes with respect to the shield system. 


Measurement of normal leakage current. 

17. The normal leakage current of the condensers 
was measured by the galvanometer method. The 
galvanometer had a sensitivity of 7 X 10-° amperes 
per mm. scale deflection. The voltage applied was 147 
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volts for the tests at 30 deg. cent. and 44 volts for the 
tests at the higher temperatures. The leakage current 
was practically constant after a time of 5 minutes had 
elapsed, and the normal leakage conductance was com- 
puted on the basis of the current observed at this time. 
The results of these measurements are tabulated in 
Table I. It may be noted that the conductivities given 
in Table I may not be strictly accurate on account of 
the possibility of leakage over the surface of the sheets 
of dielectrics. This is especially true of the mica 
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Fic. 8—Txrsts or ConDENSER 37 (PARAFFIN PAPER) 


Condenser temperature = 30 deg. cent. 
Curvel E = 50 volts 
Curve II E = 99 _ volts 
Curve III E = 147.5 volts 
Curve IV E = 197.5 volts 


condenser 39 in which the leakage path over the edge 
of the mica sheets is short. 


Method used in the measurement of alternating loss and 
capacitance. 

18. A bridge method of measuring the loss and 
capacitance of the condensers was used. The circuit 
arrangement is shown in Fig. 7. The bridge is a modi- 
fied Wien bridge. The resistances R, and R, were 
equal and had a resistance of 500 ohms. Then under 
balanced conditions the equivalent series capacitance 
of the test condenser C is equal to the capacitance of 
the standard condenser C., and the equivalent series 
resistance of the condenser C is equal to the resistance 
R;. Then the tangent of the angle of phase difference 
of condenser C will be 

tan¢@ = R; wC, 
if it is assumed that the standard air condenser C, has 
a negligible phase difference or dielectric loss. The 
measurements of Giebe and Zickner™ show that for 
technical air condensers this assumption may introduce 
errors as high as one minute in the phase difference. 
However, since no better air condenser was available 
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and since the phase difference of the air condenser that 
was used could not readily be determined, the assump- 
tion that the air condenser had negligible losses was 
used as a basis for the computation of the measured 
power-factor of the condensers. 

The source of voltage for the bridge was a variable- 
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Condenser temperature = 30 deg. cent. 
E = 99 volts 


30 40 60 80100 


frequency vacuum tube oscillator. A two-tube trans- 
former-coupled audio-frequency amplifier was used as 
shown in Fig. 7 in order to get sufficient sensitivity for 
balancing the bridge. A telephone head-set was used 
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Curve I condenser temperature = 30 deg. cent. 

Curve II condenser temperature = 40 deg. cent. 

Curve III condenser temperature = 50 deg. cent. 

Curve IV condenser temperature = 60 deg. cent. 

Curve V condenser temperature = 70 deg. cent. 


as a detector for frequencies from 200 to 4000 cycles 
per second. A set of observations was taken at a 
frequency of 100 cycles per second. The detector was a 
string galvanometer which was tuned to be resonant at 
this frequency. 
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IV. RESULTS OF TESTS 


Results of tests of anomalous charging current. 

19. The methods used in determining the anomalous 
charging current curve for condensers have been dis- 
cussed above (sections 9 to 14 inclusive). Sample 
records are shown in Figs. 5 and 6. The anomalous 
charging current curves were obtained by subtracting 
the ultimate leakage current from the currents derived 
from the oscillograph records. These curves are plotted 
to double logarithmic coordinates in Figs. 8, 9, 10, and 
11. In these figures the points obtained by the two 
methods of test have been marked differently, the result 
of the “short-time” tests being indicated by circles or 
open figures and the results of the auxiliary method by 
dots or closed figures. From two to five records were 
usually taken for each condenser at each temperature 
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Curve I condenser temperature = 30 deg. cent. 

Curve II condenser temperature = 40 deg. cent. 

Curve III condenser temperature = 50 deg. cent. 

Curve IV condenser temperature = 60 deg. cent. 

Curve V condenser temperature = 70 deg. cent. 


by both methods of test. The results of all the tests 
were superposed on the graphs. No attempt has been 
made to distinguish one individual test from another. 
All the tests were considered in drawing the straight 
lines through the observed points. i 
The straight lines which have been drawn in these 
graphs are represented by the formula 2, = Kt-". 
In nearly all cases, the observations fall along these 
straight lines, and, therefore, the anomalous charging 
current may be represented by the formula 
ee OR OF We (15) 
The instances in which the observations deviate from 
the straight line relations are shown in Curve II in 
Fig. 8, andin Curves JV and V in Fig. 11. The dotted 
curve in Fig. 8 would represent the observed points a 
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little more accurately than the straight line. However, 
the deviation from the straight line relation is not 
large compared to the possible experimental error. 
The deviations from the straight line relation in Fig. 
11 are for the longer times and for the higher tempera- 
tures. Under these conditions, the final leakage cur- 
rent is from 30 to 85 per cent of the total observed 
current. It appears that when this is true the anoma- 
lous charging current cannot be accurately represented 
by Equation (15). 

The dependence of the anomalous charging current 
on the applied voltage EH’ was tested for the paraffin 
paper condenser 37. The current-time curves for the 
various voltages used are shown in Fig. 8. Fig. 12 
shows the dependence of the anomalous charging cur- 
rent on the voltage for different time intervals after 
application of the voltage. This figure shows that 
within the accuracy of the experiments the ordinates 
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12—ANoMALOUS CHARGING CURRENT VARIATION WITH 
AppLiED VOLTAGE FOR CONDENSER 37 (PARAFFIN PAPER) 


Fig. 


of the anomalous charging current curve are directly 
proportional to the applied voltage, as indicated by 
Equation (15). 

The constants 6 and ” in Equation (15) were deter- 
mined from the straight lines in Figs. 8, 9, 10, and 11. 
In order to determine the value of 7 it is merely neces- 
sary to measure the slope of the straight line. In order 
to find B, however, it is necessary to know the geometric 
capacitance C,. For a first approximation, the mea- 
sured capacitance of the condenser at a frequency of 
4000 cycles per second was used as C, in Equation (15), 
and by inserting measured values of la, HE, N, and ¢ in 
Equation (15), an approximate value of 8 was computed. 
Using this approximate value for 8 and the value of n 
obtained above, the ratio of the apparent capacitance 
at a frequency of 4000 cycles per second to the geometric 
capacitance (C/C.) that would be expected on the basis 
of the theory was computed by means of Equation (13) 
(Section 7). A second approximation to C, was then 


obtained by the division of the measured value of C_ 
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at 4000 cycles per second by this computed ratio C/C.. 
Then a second approximation to the value of 8 was 
obtained by using this value of C, in Equation (15). 
The process could be repeated to obtain better approxi- 
mations for C, and 8, but the second approximation was 
sufficiently accurate in all cases. The values of the 
constants 8, n, and C, for the condensers tested are 
given in Table IJ. The relative permittivities corre- 
sponding to the geometric capacitances have also been 
tabulated in Table II. The results for the relative 


TABLE II 
RESULTS FOR CONSTANTS IN THE ANOMALOUS CHARGING 
CURRENT FORMULA, EQUATION (15) 


Constants in the anomalous charging 
current formula, Equation (15) 


Relative 
Temp. Co — 10-° | permittivity 
Condenser | deg. cent. B n farads Py 
35-(Soda- 30 0.113 0.75 0.789 7-15 
lime 40 0.211 0.70 0.800 7.25 
glass) 50 0.317 0.67 0.810 7.35 
60 0.396 0.69 0.804 7.29 
70 0.531 0.69 0.806 Fool 
36 (Var- 30 0.165 0.75 0.448 3.82 
nished 40 0.367 0.69 0.464 3.96 
cloth) 50 0.456 0.69 0.475 4.05 
60 0.486 0.73 0.471 4.02 
70 0.588 0.74 0.471 4.02 
37 (Paraffin 30 0.00765 0.92 1.510 3.6 
paper) 
39 (Mica) 30 0.0255 0.63 0.945 6.3 


permittivities of condensers 36 and 37 are somewhat 
uncertain because of a probable change of the thickness 
of the dielectric after the condenser was clamped 
together. 

The thickness of the treated cloth for condenser 36 
was measured by a micrometer before assembling the 
condenser. The thickness of the paper before treat- 
ment was used as the thickness of the sheets of paraffin 
paper in condenser 37. The actual thickness of the 
dielectric after clamping may be less than the measured 
thickness and therefore the values of relative permit- 
tivity may be too high. 

Results of measurements with alternating current. 

20. The results of the measurement of power factor 
and capacitance of the test condensers at various fre- 
quencies are shown by the solid curves in Figs. 18 to 18 
inclusive. It may be seen that the measured power 
factor may either decrease (Fig. 13, Fig. 14, and curve 
for condenser 39 in Fig. 15) or increase (curve for con- 
denser 37 in Fig. 15) as the frequency increases. The 
curves between the tangent of the phase difference 
angle (tan ¢) and the frequency are practically straight 
lines for glass condenser 35 and paraffin paper condenser 
37, and approximately so for mica condenser 39 and 
treated cloth condenser 36 at the lower temperatures. 
This shows that the relation between tan @ and the 
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frequency may be represented by an equation of the 
form 


K 


fo-” 


tan @ = (16) 


in the frequency range studied. This type of variation 
was found by MacLeod? and is approximately the type 
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of variation given by Equation (14); which is, neglect- 
ing the leakage conductance, 
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Since C/C, is practically equal to unity for good dielec- 
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trics, the equation above gives the same type of varia- 
tion of tan ¢ with frequency as is given in Equation (16). 
Therefore, the observed variation of power factor with 
frequency follows the law predicted by the theory. 


The curves in Figs. 16, 17, and 18 show that the : 


observed capacitance of the condensers decreases with 
increasing frequency. 
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Comparison of loss caused by leakage conductance with 
total dielectric loss. 

21. The contribution of the normal leakage con- 
ductance to tan @, as given by the first term in the right 
side of Equation (14), namely G,/wC, was computed 
for a frequency of 200 cycles per second. The normal 
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leakage conductances are tabulated in Table I. The 
values of G,/w C are compared to the measured power 
factor of the condensers in Table III. This table 
shows that the loss contributed by the normal leakage 
current at 200 cycles per second at ordinary tempera- 
tures is from 0.0015 to 0.07 of the total dielectric loss. 
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At the higher temperatures and at lower frequencies the 
leakage loss may become an important part of the total 
dielectric loss. For the commercial frequency of 60 
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TABLE III 


COMPARISON OF TOTAL DIELECTRIC LOSS TO LEAKAGE 
CONDUCTANCE LOSS 


Contribution of leak- 
age conductance to | Measured Ratio 
tan ¢, Go/w C power- Go/w C 
Temperature Freq. = 200 factor ———— 
Condenser deg. cent. cycles per sec. tan ¢ tan ¢ 
85 (Soda- 30 0.000033 0.0215 0.0015 
lime 40 0.000139 0.0272 0.051 
glass) 50 0.00039 0.035 0.011 
60 0.00115 0.045 0.026 
70 0.0026 0.059 0.044 
36 (Var- 30 0.000039 0.0355 0.0011 
nished 40 0.00029 0.042 0.0069 
cloth) 50 0.0083 0.051 0.016 
60 0.0025 0.064 0.039 
70 0.0060 0.081 0.074 
37 Paraffin 30 0.0000097 0.0053 0.0018 
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cycles per second it is estimated that the ratios of leak- 
age loss to total loss would be about two to three times 
the values given in Table III. At frequencies higher 
than 200 cycles per second this ratio becomes smaller. 


Comparison of the measured power-factor and capacitance 
with that calculated on the basis of the measured 
anomalous charging current. 


22. The determinations of the anomalous charging 
current curves for the condensers make possible the 
calculation of the behavior of the condenser under 
alternating electromotive force. The results for the 
constants 6 and n as determined from the anomalous 
charging current tests and as given in Table II were 
used to calculate the power factor and capacitance at 
different frequencies. Equations (13) and (14) were 
used for these computations. Comparisons between 
the calculated and measured power factors and capaci- 
tances are shown in Figs. 13 to 18 inclusive. In these 
figures, the measured values are spotted and are repre- 
sented by the full curves, while the calculated values 
are represented by the dashed curves. 

The calculated power-factor curves are, in general, 
in fair agreement with the observed curves. The better 
agreement is found in the lower end of the frequency 
range. This could be expected from a consideration 
of the time intervals during which the anomalous 
charging currents were measured. The anomalous 
charging current measured with direct voltage applied 
during a range of time equivalent to, say, from one- 
tenth to five periods of a particular alternating wave is 
most important for the prediction of the loss at that 
particular frequency. If Equation (15) for the anoma- 
lous charging current were valid for all times, it would 
suffice to determine the constants 6 and n during any 
time range, say by galvanometer measurements from 30 
to 300 sec. after voltage is applied. However, Equa- 
tion (15) is only an approximation formula and it is 
necessary to determine the constants in Equation (15) 
for short times of the order indicated above if the losses 
for a given frequency of applied alternating voltage 
are to be predicted. 

The capacitance variation predicted on the basis of 
the measured anomalous charging current curves is, in 
general, in good agreement with the observed variation. 
The measured value of the capacitance at 4000 cycles 
per second was used as a basis for computing the geo- 
metric capacitance C,, and therefore was also the basis 
for the predicted curves in Figs. 16,17, and 18. It may 
be seen that the glass condenser 35, which shows the 
closest agreement between measured and computed 
power factor, also shows the closest agreement between 
computed and measured capacitance. 


V. CONCLUSIONS ON THE BEHAVIOR OF: THE 
ANOMALOUS CHARGING CURRENT 


23. These experiments show that for the dielectrics 


studied the empirical equation 
(ee E C.B a 
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is a good approximation for the anomalous charging 
current in a condenser in the time range studied; 
namely, for the interval from 0.7 to 100 mil-sec. after 
impressing the charging electromotive force. In this 
formula the constants 6 and 7 are constants of the dielec- 
tric which depend, however, on its temperature, mois- 
ture content, impurities, and previous preparation. 
The tests at elevated temperatures showed that the 
constant remains nearly constant as the temperature 
is increased while the constant 6 increases rapidly for 
glass and varnished cloth. : 

The alternating anomalous charging current as com- 
puted from the 6 t-” anomalous charging current func- 
tion derived from the d-c. measurements is sufficient 
to account for the major portion of the losses at low 
frequency in the solid dielectrics studied. -For these 
dielectrics, the computed loss based on the normal 
leakage current varied from less than one-half of one 
per cent of the total measured loss at a frequency of 
200 cycles per second and at a temperature of 30 deg. 
cent. to a maximum of about eight per cent at the same 
frequency and at 70 deg. cent. 

The capacitance variation with frequency as com- 
puted on the basis of the measured anomalous charging 
current is in fair agreement with the measured variation 
in the frequency range studied. 

The data obtained are insufficient to allow a choice 
among the theories of the underlying physical nature of 
solid dielectrics having losses. The explanations which 
seem most plausible at the present time are those based 
on the anomalies of conduction (accumulation of ions 
at the electrodes, movement of ions in submicroscopic 
cleavages or in limited paths)!* or on the properties of 
dipolar molecules.!7:!8 The observations in favor of the 
first explanation are those on the intimate relation 
between the anomalous charging current and the final 
conduction current, and the identification of the con- 
duction current in dielectrics with the movement of 
ions within the material. It may be noted that in 
order that a substance made up of dipolar molecules 
may give an anomalous charging current function as 
found in these experiments [@ (¢) = 6 t-”] it would be 
necessary that the different dipoles or complexes of 
dipoles have widely different ‘relaxation times.” 
That is, a single kind of dipole would not be sufficient 
to account for the observed curves. The wide distri- 
bution of relaxation times necessary might be accounted 
for on the basis of the association of the molecular 
dipoles into aggregates. The impurities having mole- 
cules of a distinctly dipolar character (water, for exam- 
ple) might have a great effect on the behavior of the 
dielectric. 
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Discussion 


W. B. Kouwenhoven: Professor Benedict’s paper is a very 
interesting one and there are two points upon which I wish that 
he would furnish additional data, namely: 


1. In Fig. 7 of the paper is shown the simple diagram of a 
Wien bridge. I should like to know if the author used this 
bridge without shields or guards? I have used this bridge in a 
“Study of the Phase Defect Angle of Air Capacitors.’’ I found 
that unless the most careful guarding and shielding was pro- 
vided, and their potentials properly adjusted, the results ob- 
tained were in error. 


2. The author reports a good agreement between his direct 
and alternating current loss measurements. I should like to ask 
him if he used the same value of voltage in both tests. 


In our tests at Johns Hopkins University we have found in 
a number of cases a good agreement between the a-c. and d-c. 
results when both were made under the same effective stress. 
Dr. Whitehead reported in a Franklin Institute paper entitled 
“Dielectric Absorption and Dielectric Loss,’’ Vol. 208, Oct. 1929, 
a good agreement for specimens of impregnated paper in which 
the loss was due to absorption. I have made some measurements 
on a good grade of insulating compound in which conduction 
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accounts for all of the dielectric loss. In the table below are 
given some results obtained at 70 deg. cent. 


Voltage gradient A-c. 60 cycle loss D-c. conduction loss 


volts per mil micro-watts micro-watts 
8.3 161 167 
16.7 675 680 
25.0 1590 1600 


The continuous current records were obtained from oscillo- 
grams using a method similar in principle to that of Professor 
Benedict’s. 'The comparisons in Dr. Whitehead’s and my tests 
were made at the same effective a-c. and d-c. voltages. 


V. Karapetoff: There is a feature of research in dielectrics 
which may be of interest to those present, and that is the con- 
nection between this research and the progress in pure physics, 
chemistry, and mathematics. We have a distinct group of 
dielectricians among electrical engineers who are working either 
separately or on one or twd committees, among others the Com- 
mittee on Electrical Insulation of the National Research Council. 
At the same time we have separate groups of pure physicists, 
chemists, and mathematicians mostly working on problems of 
great importance to us and yet not being aware of their impor- 
tance nor there being much connection between the two. 


The Committee on Electrical Insulation, realizing the existence 
of such a gap, formed two subcommittees, one on physics and one 
on chemistry, in an endeavor to bridge the gap. While 
many useful results are being obtained by the work of dielectri- 
cians by themselves, yet the experience in the progress of other 
branches of electrical engineering unmistakably points out that 
we must draw from the recent advances of the pure sciences. 


This is a more difficult undertaking than may appear on the 
surface because of the absence of a common ground or of a defi- 
nite bridge or channels for a free flow of this information. A 
person could go over our papers on dielectrics and extract all 
the special terms used therein, such asionization, critical potential, 
absorption, and so forth. With these terms one can obtain only 
a definite number of combinations and permutations. So that no 
matter what you say, it is only a new combination of these old 
terms. In order to bring about a distinct progress it is of impor- 
tance to enrich our vocabulary with new terms, new concepts, 
and new combinations of ideas. 


What would you say of a group of engineers who in their 
chemical difficulties were using the chemistry of the latter part 
of the eighteenth century, on the plea that what has occurred 
after that is too complicated and theoretical? In the same way, 
if you look over our old papers on dielectrics you will often find 
the theory based on fictitious condensers and resistances in 
parallel. Then, grudgingly, and against the opposition of 
older men, the term ‘‘ionization’”’ was introduced and the idea of 
discontinuity in the structure of gases. Since then the progress 
has been more rapid. Yet there are a great many recent terms 
in pure physics and chemistry that are yet to be introduced into 
our profession. Ultimately their introduction is inevitable. 
Looking forward some twenty or thirty years I know that they 
will be used. Why wait, then? Why not make a determined 
effort to establish more channels between the two branches of 
science, pure and applied, right now? 


Bela Gati: Three decades ago a big cable factory wanted to 
sue me because I had written in one of my articles that the insula- 
tion of its telephone cable measured with direct current and 
found to be 2000 megohms, had not even one megohm insulation 
measured by telephone frequency current. I think everybody 
is convinced today, that there is in reality a difference between 
the values when measured with direct current one minute elec- 
trification, and when measured with high-frequency or telephone 
frequency current. I appreciate the University men who for 
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the most part have made this fact clear and understandable for 
the general knowledge. 

I should like to ask Mr. Benedict about the formula between 
the molecular structure of the dielectric material and the di- 
electric capacity of same, furthermore whether he has found any 
connection between the molecular structure and the dielectric loss 
of the dielectric material. I want to take only one very simple 
example. Plain water has the chemical structure of H» O. 
This compound is in reality Hz, On. It is only steam which has 
two hydrogens and one oxygen. The liquid water has probably 
more than three molecules. Taking the human blood, for in- 
stance, the haemoglobin has a molecular structure of about 
17,000 molecules. I cannot imagine that the blood liquid has only 
2 parts hydrogen and one part oxygen in its compound; a veri- 
fication is necessary for this. I imagine that measuring the 
dielectric loss and the dielectric capacity of the blood liquid with 
various frequencies, perhaps we could find out what our blood 
is in reality, what cyclic compounds exist in it, what at present 
wedonotknow. The blood is the most miraculous liquid. 

From another point of view, in case any one takes too much 
aleohol, then the latent oxygen of the tissues is decreased. 
We can counteract this detrimental effect, if we know the exact 
condition of the tissues. Of course it is very difficult to make 
experiments, but if we can measure, for instance, the dielectric loss 
and the dielectric capacity of the whole body, perhaps we can 
reach some result. We can counteract the loss of the latent 
oxygen in the tissues; we can fight with success against the 
alcoholic habit. 

J. B. Whitehead: The question of the cause of the energy 
losses in dielectrics and insulation subjected to alternating stress 
has been an unsolved riddle to both engineers and physicists, 
ever since the importance of this loss was first recognized by 
Siemens in his observations on condensers in 1864. For a time it 
was assumed that these losses were similar in character to those 
due to hysteresis in iron. Many experimental facts, however, 
show that this assumption is untenable, and the many investiga- 
tors who have attacked this question have had to look elsewhere 
for an explanation of dielectric loss and other anomalies of 
dielectric behavior. No completely satisfactory theory of the 
nature of dielectric loss has yet been proposed, but it has been 
found possible to connect both theoretically and experimentally 
two of the most important anomalous properties of dielectrics. 
Mr. Benedict’s paper does not attempt to throw any new light on 
the nature of dielectric loss, but does present many interesting 
and important evidences of the relationship between dielectric 
loss and that other conspicuous dielectric anomaly, dielectric 
absorption. 

This paper is especially interesting to me because, with my 
colleagues at Johns Hopkins, I have carried out experiments of a 
similar nature with an almost identical method. The first results 
of this work were published in the Journal of the Franklin Insti- 
tute for November 1929. We worked with a carefully prepared 
impregnated paper condenser at 60 cycles, within the range 500 
to 1500 volts and at one temperature. We found an exceedingly 
close agreement between the measured loss and that computed in 
terms of dielectric absorption. The summary of our results is 
given in the attached table: 


TABLE I 
COMPARISON OF COMPUTED AND MEASURED VALUES OF 
LOSS 
g@=B.C.t-u g(@) =m.C.e-—at 

B Loss .. Loss Loss 

— watts —. watts watts 

Volts n E comp. a E comp. obs. 
500 1.06 | 2.65 00042 578 6.03 00032 "00033 
1000 1.06 } 2.52 .0017 578 | 5.66 00131 .00132 
1500 1.06: | 2.157 .00377 578 | 5.75 .00295 .00297 

Average | 1.06 | 2.58 578 | 5.82 
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Mr. Benedict has extended the same type of study over a 
considerable range of temperature and a wider range of fre- 
quency, and it is a pleasure to find that his observations show 
general agreement between computed and measured values under 
the wide variation of conditions mentioned. 

However, the agreement between computation and measure- 
ments in Mr. Benedict’s results is not all that could be desired, 
in the matter of the variation of loss or power factor with fre- 
quency, as indicated, particularly in the cases of the treated 
cloth and mica condensers, in Figs. 14 and 15. 

I wish to make the following suggestions as possible causes 
of some of the discrepancies in his results: 

1. The question of the presence of an irreversible absorption 
component in the charging current of the condenser. I think it 
probable that this component of current was present in all con- 
densers, with the possible exception of that of mica. The un- 
usually high values of leakage current would appear to confirm 
this. In our own work we found it important to take discharge 
as well as charge curves for information as to the presence or 
absence of this component. Its presence in any considerable 
amount might have an important effect on the values of the 
computed loss, which might or might not have a corresponding 
influence on the measured loss. I should think that this might 
well account for a considerable part of the increased measured 
losses over those computed at high frequencies, in the case of 
treated cloth especially. 

(2) Several questions arise in connection with the methods of 
assembly and measurement. For example, apparently none of 
the condensers, including the air condenser of the bridge, was 
equipped with guard rings. If this is true, it might well lead to 
variable leakage in the condensers, and particularly to errors in 
measured values over a range of frequency. There is also the 
question of the actual temperature within the condensers. At 
the high values of power factor shown in Table III, it is probable 
that the losses as measured pertain to higher values of tempera- 
ture than those indicated by external thermometers. This also 
would have the effect of lifting the curves in Fig. 14. No state- 
ment is made as to the voltages at which corresponding continu- 
ous and alternating measurements were made. The check with 
theory requires that they should have the same effective value. 
The linear relationship between charging current and voltage, 
as shown in Fig. 12, is by no means universal as among various 
dielectric materials. 

3. The question of the relationship between the period of the 
alternating circuit and that of the charging current or absorption 
curve is an important one and is mentioned by the author as a 
possible cause of the discrepancies between computed and mea- 
sured values. I agree in general with this, and think the charg- 
ing current curve should be read and its equation computed for a 
time interval beginning less than one-half period after closing the 
circuit and lasting not much longer than one period. 

4. The author uses the negative power of the time for the 
decay of the charging current under continuous potential, as 
indicated in formula (11). Moreover, the curves of Fig. 8 seem 
to warrant this choice. It is an interesting fact that the results 
of many other observers seem to indicate this relationship. 
Yet it is obviously not the correct form for the decaying function 
of the time, inasmuch as it indicates infinite current at zero 
time. Consequently as we observe these charging curves nearer 
and nearer to their beginnings, it is evident that the actual values 
must fall below those computed from the relation of Equations 
(1) and (11). An error of this kind would tend to throw the 
computed values of loss higher than the measured values, as 
indicated especially in Figs. 13 and 15. I should like to ask the 
author whether he has examined his observations for short in- 
tervals of time, from the standpoint of a negative exponential 
relation with time for the charging curve. In our own work, 
referred to above, we find a much better, and in fact an extremely 
close agreement between computed and measured values, in 
using the negative exponential relation. 
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In formula (16) the author suggests that the power factor is 
definitely related to the frequency by an inverse power of the 
latter. This is indicated by the straight lines of Fig. 16 but is not 
a fixed relation. However, experimental curves over a wide 
range of frequency show that the power factor passes through a 
maximum at a definite frequency. This question has been ex- 
amined analytically by Bouasse and Lahousse from the stand- 
point of absorption, and the variation mentioned is definitely 
accounted for. Presumably if the author had extended his 
studies in the direction of still lower frequencies this maximum 
might have been reached. An approach to it is suggested by the 
lower curve of Fig. 15. 

As regards the correct explanation of dielectric loss, it is my 
opinion that it is entirely due to electric conduction, 7. e., that 
the losses arise in the electric resistance of the material. It 
must be understood, however, that the conduction is highly 
anomalous in character and may have different origins and follow 
different laws for a variation of materials and conditions. The 
decreasing charging current may readily be explained in terms of 
the motion of ions, their withdrawal,-:and their accumulation as 
space charges, as set forth in the paper by Dr. Marvin and myself 
in today’s program. As regards the suggestion that the oscilla- 
tion of polar molecules may account for dielectric loss, I think 
this may be true in part for frequencies say above 100,000. 
But for the range of commercial frequencies, from the nature of 
the theory of polar molecules,.and our knowledge of their be- 
havior in other phenomena, a loss due to this cause is entirely 
negligible. 

S. K. Waldorf: As you have been told, we at Johns Hopkins 
are working along similar lines, so a comparison of methods 
should be of interest. In his oscillographic studies, Mr. Benedict 
used a rather unique method for obtaining very short periods of 
low sensitivity, down to about eight hundredths of a millisecond 
in duration. He used a smal] rifle which was discharged, the 
bullet cutting very small strips of metal, and in-that way op- 
erating the circuit very rapidly. We have employed a quick 
acting spring operated switch in which a small rocker arm, 
released by the oscillograph shutter circuit, applies the high 
voltage to the specimen. An instant later, this instant being 
adjustable from about a tenth of a millisecond to about ten 
milliseconds, the sensitivity of the amplifier-oscillograph is 
changed from the very low value used to by-pass the geometrie 
charge to a very high value for recording the residual current. 
The circuit is also arranged to take care of discharge as well as 
charge currents. 

We also are using a higher film speed for the most part, running 
it at about 18 feet per second, to obtain greater accuracy in our 
measurements of time. I think, if I am correct, that his film 
speeds are about eight feet per second. For very special work, 
as in oils, we slow it down to as low as about two and a half 
inches per second. 

Another interesting point is that we have used the high sen- 
sitivity oscillograph vibrator, as Mr. Benedict has done, because 
it uses relatively very little current. Unfortunately, to get this 
high current sensitivity, the vibrator is lacking in frequency 
response. For our high-speed work on dielectrics, as most of it is, 
we use a so-called standard vibrator because it gives a little better 
frequency response and consequently will more faithfully repro- 
duce the actual current of charge or discharge. 

There are a few questions that come to mind because, as I 
say, we in this work are very anxious to get improved methods 
if we can. I believe from the data given in the paper, Mr. 
Benedict used d-c. voltages only up to 200. Ishouldlike to know 
if any higher voltages were used, as we are using up to 1500 volts 
d-c. at the present time and this high voltage has caused a great _ 
deal of: troublesome transients in the measuring circuits. We 
think we now have them eliminated by careful shielding and 
grounding, so it would be interesting to hear if Mr. Benedict met 
with similar difficulties. 

There are a few questions about this amplifier I should like 
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him to answer in his closing. I believe the four-element tubes 
he has there are the U X-222 of the Radio Corporation. I should 
like to know authoritatively what the typeis. I should also like 
to know the type of tube used in the output circuit, its manu- 
facturer, and the plate voltage used there. As Mr. Benedict 
has said, the oscillograph vibrator has a steady current passing 
through it all the time. I should very much like to know the 
approximate value of this current, and the change in the current 
through a given vibrator for a given deflection. 

C. L. Dawes: (communicated after adjournment) In the 
paper by Mr. Benedict an interesting comparison is made be- 
tween the values of power factor computed from current-time 
curves by means of the von Schweidler function and values 
determined experimentally with a Wien bridge. The results 
are given in Figs. 13, 14, and 15. The agreement between com- 
puted and experimental values is, I believe, as close as may be 
expected. The measured values may, however, be in error, 
unless shielding not shown in Fig. 7 is used. For example, 
the junction of R; and C, is above ground potential by the 
voltage drop in R;. Hence there is capacitance current from 
the plate of C; which is connected to Rs, to ground. This current 
has the effect of making the power factor of the test condenser C 
less than it actually is. This effect increases with frequency and 
tends to make the power factor of the test specimen lower with 
increase in frequency. This effect is not borne out by the curves 
in Figs. 13, 14, and 15, but nevertheless I believe that it should be 
investigated by the author. 

The direct-current measurements were made at 100 volts and 
the alternating-current measurements were made apparently at 
low voltage. It probably would have been more rational were 
the a-c. measurements made at approximately the same voltage 
as the d-c. measurements. 

Table III shows that leakage conductance contributes little 
to the power factor. This has been our experience. On the 
other hand, Dr. Whitehead on page 7 of his paper states that the 
apparent resistance computed from the charging-current curves 
are of the correct order of magnitude to account for the alter- 
nating-current loss. May IJ ask the authors if they can reconcile 
these two statements? 

Moreover, it would have been interesting if Mr. Benedict 
could have computed losses down to very low frequencies. For 
example, we have found that between frequencies of 25 and 75 
eycles per second the power loss in oils, compounds, and glass 
is a linear function of the frequeney. (Elec. Wid., Vol. 91, 1928, 
p. 1331.) Were the graphs extrapolated to zero frequency the 
corresponding loss is of much higher order of magnitude than the 
measured d-c. loss. Apparently it is not known whether this is 
due to a variation in the power-frequency function at the lowest 
frequencies or to an abrupt discontinuity in the function near 
zero frequency. 

R. R. Benedict: Several questions have arisen concerning 
the bridge method of measuring power loss in condensers which 
was used in obtaining the data presented in my paper. The 
variable air condenser which was taken as the standard of compari- 
son and which was assumed to have zero losses was a General 
Radio Co. condenser Type 246L, and this condenser will be 
referred to as No. 720. It had a capacitance range from about 
55 X 10-12 to 1550 X 10-12 farads. This condenser was used as 
C, in Fig. 7 of the paper in all of the tests except that of condenser 
37. For this test a General Radio Co. air condenser Type 
246M, to be designated by No. 792, was used as C;. This con- 
denser had a capacitance range from about 80 X< 10—" to 3030 
< 10-1? farads. 

At the time of the measurements the behavior of the bridge 
was tested in the following manner. The air condenser No. 792 
was placed at C in Fig. 7 and a series of balances was obtained 
with condenser No. 720 as C;. The apparent power-factor 
differences between the two air condensers as observed in this 
test are given in Table I. 
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TABLE I 
Frequency Capacitance Power-factor 
cycles per sec. 10-° farads difference 
600 0.906 0.00001 
1000 0.906 0.00002 
4000 0.906 0.00007 


The apparent power-factor differences given in the table may 
have been caused by disturbing factors in the bridge rather than 
by real differences in the losses in the air condensers. 

An attempt was made recently to get a comparison of the 
losses in these two condensers, and also a comparison of the losses 
in these condensers with those in a third air condenser. This 
third air condenser was a so-called ‘‘low-loss’’ condenser designed 
for use in radio receiving sets. The electrodes of this condenser 
were insulated by two strips of clear bakelite arranged so that 
the losses in the insulation would be a minimum. The pro- 
cedure in the tests was as follows. With one air condenser at 
C, in Fig. 7 the ‘‘low-loss’’ condenser and the remaining air 
condenser were placed in succession at C in the bridge and a 
balance was obtained for each. The difference in the apparent 
power factor for the two cases was taken as an indication of the 
difference in the power factors of the two condensers which had 
been placed in the C arm of the bridge. The results obtained in 
these tests are given in Table IT. 


TABLE II 


Power-factor differences 
Frequency 
cycles per sec. 


No. 792—“‘low-loss”’ No. 720—‘‘low-loss”’ 


300 0.00011 0.00007 
600 0.00011 0.00007 
1000 0.00009 0.00006 
2000 0.00008 0.00006 
3000 0.00006 0.00006 
4000 0.00004 0.00006 


The capacitance was adjusted to 0.45 xX 10~° farads in eard 
case. This test shows that the power factors of the standach 
condensers are apparently somewhat higher than those of the 
‘‘low-loss’”’ condenser. If the standard condensers are assumed 
to have power factors which do not exceed 0.0002 it may be seen 
that the errors introduced from this source into the measure- 
ments are less than 4 per cent for all results (Figs. 13, 14, 15) 
except for the measurements of the power-factor of the mica con- 
denser 39 (Fig. 15). For this condenser the correction would be 
quite a large percentage of the measured values, especially at the 
higher frequencies. 

The selection of a one to one ratio for resistances R, and Re 
of the bridge circuit reduces the effects of the stray capacitances 
shunting these arms of the bridge. As Mr. C. L. Dawes points 
out, the stray capacitance shunting the resistance R; of the 
bridge circuit may affect the measurements. The magnitude 
of the errors which may have arisen from this source has been 
tested by the following experiment. A series arrangement of two 
decade resistances and an air condenser was placed in the C arm 
of the bridge. One resistance designated R; was connected from 
the “‘top” corner of the bridge to the air condenser while the 
other resistance designated R, was connected from the air con- 
denser to the “‘right-hand’’ corner of the bridge. The bridge 
was balanced with a given resistance setting for Ry and with 
R; equal to zero. Then the bridge was rebalanced with the 
resistance R; adjusted to the same value to which R, had pre- 
viously been set and with R, equal to zero. The difference in the 
apparent power factors for the two conditions was taken as an 
indication of the effect of the stray capacitance shunting R, on 
the observed power factor. On account of the symmetry of the 
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bridge, the effect of the stray capacitance shunting R; will be 
practically the same as that shunting Ry. For a given run the 
values of Ry and FR; were so chosen as to give a constant apparent 
power factor of the C arm of the bridge. The results with con- 
denser No. 720 at C at a setting equivalent to a capacitance of 
0.45 < 10~° farads is given in Table ITI. 


TABLE III 
Power-factor difference with resistance in C arm at 
Rand at Rs 
Power factor of C arm at head of column 
Frequency 

cycles per second 0.000373 0.00186 0.0298 
300 0.00001 0.00011 0.0013 
600 0.00002 0.00011 0.0011 
1000 0.00002 0.00004 0.0007 
2000 0.00002 0.00004 0.0015 
3000 0.00002 0.00004 0.0015 
4000 0.00000 0.00002 0.0015 


The measured power factor was higher in each case when the 
resistance was at Ry in the C arm. The maximum difference in 
power factor observed amounts to 6 per cent of the power factor 
of the C arm. Thus the stray capacitance effects may have 
eaused errors as high as 6 per cent in the power-factor measure- 
ments of the test condensers. 

The voltage across the test condensers in the a-c. measure- 
ments was low, being of the order of 5 to 10 voltsr.m.s. The 
following calculation shows that the temperature rise of the 
condenser caused by the dielectric loss in the condenser during 
the a-c. measurements is negligibly small. For condenser 36 
under conditions of maximum power loss, that is, at a tempera- 
ture of 70 deg. cent. and a frequency of 4000 cycles per second, 
the dielectric loss for an impressed voltage of 10 volts is 5.7 
<x 10-5 watts. If all the heat generated were retained in the 
dielectric this loss would raise its temperature about 0.2 degree 
per hour. 

It was not considered necessary to make the a-c. measure- 
ments at the same voltage as the d-e. measurements because of 
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the fact that most previous studies of the losses in solid dielectrics 
show that at low electric stresses the dielectric loss is directly 
proportional to the square of the voltage. In other words, the 
power factor is independent of the impressed voltage. 

Most of the tests of the anomalous charging currents of the 
condensers were carried out at one voltage. No discharge 
curves were obtained in the d-c. experiments on the condensers. 
Thus in the calculation of the losses in the condensers on the 
basis of the data obtained in the d-c. tests it was necessary to 
assume that the superposition principle was valid for the con- 
densers tested, or in other words to assume that an “‘irrevers- 
ible’? component of the anomalous current was absent. The 
fact that the computed and measured losses are in fair agreement 
tends to show that the assumption was justified. 

Dr. Whitehead questions the validity of Equation (15) for 
shorter and shorter times after the voltage application. Equa- 
tion (15) indicates the impossible result that at zero time the 
anomalous charging current would become infinite. F. Tank 
has noted that since it is impossible to impress a steady voltage H 
on a condenser C in zero time it follows that Equation (15) con- 
tains no logical contradiction. However, it must be remembered 
that Equation (15) is an empirical equation which may or may 
not hold for wider ranges of time. 

F. Tank! has also given a discussion of the maximum frequency 
at which it is permissible to predict the alternating losses in a 
condenser for which the anomalous charging current has been 
determined down to a minimum time t. He concludes that if 
t; is 0.0008 seconds then predictions of losses for frequencies 
higher than 100 cycles per second become uncertain. 


The tubes used in the amplifier shown in Fig. 3 of the paper 
may be described as follows. The first tube from the left was a 
Marconi S-625 tube. The second tube was a Cunningham CX 
322 tube. The third and fourth tubes were Cunningham CX 
371A tubes. The potential applied to the plates of the output 
tubes was 150 volts, and the steady plate current in the output 
circuit was 10 milliamperes. The amplifier was constructed in 
the summer of 1928. 


1. See the second article under reference 8 of the paper. 


Three Regions of Dielectric Breakdown 
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Synopsis.—In a previous paper, the writers published results on 
the dielectric strength of various glasses and concluded that for 
ordinary thicknesses there were three distinct types of breakdown. 
The present paper emphasizes the fact that this 1s true not only for 
glass but also for fused quartz and for celluloid. By the elimination 
of edge-effect the following breakdown gradients were obtained: For 
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celluloid, 2,500,000 volts/cm.; for glass, 3,100,000 to 5,000,000 
volis/cm.; and for mica, 10,600,000 volts/cm. The various methods 
of eliminating edge-effect are discussed and compared and an at- 
tempt is made to correlate the electrical properties of the glasses with 
their chemical composition. 


testing methods made in recent years has been 

the elimination of edge breakdown. In the past, 
uniform materials such as glass and mica failed almost 
invariably at or near the electrode edge, and it is only 
within the last few years that this trouble has been 
eliminated. 

Edge breakdowns give data of little value for two 
reasons: 

1. The actual breakdown gradient cannot be calcu- 
lated, since it depends not only upon the exact shape of 
the electrode edge, but also upon the surface conduc- 
tivity, the amount of corona, the properties of the 
immersing medium, and various other factors of 
unknown magnitude. 

2. The gradient varies from point to point through- 
out the length of the breakdown path. Thus the prob- 
lem, even if it were amenable to calculation, is a 
complicated one; and it would seem advisable to settle 
the question of breakdown in a uniform field before 
attempting the more difficult one of breakdown in a 
non-homogeneous field. 


Thanks principally to the excellent work of Inge and 
Walther of Leningrad,’ there are today several methods 
of forcing the punctures to occur in the uniform field 
under the electrode. Inge and Walther eliminated 
“edge-effect”’ by testing thin spheres blown from glass 
tubing. They also made use of special semi-conduct- 
ing baths in testing flat specimens. By these methods 
they were able to increase the breakdown gradient to 
about ten times the usual value and thus they obtain- 
ed what is apparently the true breakdown strength of 
the material. Their curves showed the region of ther- 
mal breakdown as well as the “disruptive” breakdown 
region, but failed to give conclusive evidence as to what 
lay between the two. 

Accordingly, an investigation was begun at M. I. 4 
to study the matter in greater detail. Numerous 
breakdown tests made on hollow glass spheres during 
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the summer of 1928 lead the writers to the belief that 
for ordinary thicknesses there existed three distinct types 
of breakdown rather than two. The results of these 
tests were presented by Dr. V. Bush before the Insula- 
tion Committee of the National Research Council in 
November 1928. They have also been published.* 


Further work by the writers and by six other in- 
vestigators, using different apparatus and various 
methods, has led to the same conclusions. The in- 
vestigation has been extended to various glasses, fused 
quartz, celluloid, and mica. The purpose of this paper 
is to present a résumé of all the breakdown data recently 
obtained in the Electrical Research Laboratories of the 
Massachusetts Institute of Technology. 


APPARATUS AND METHODS 


All tests were made with direct potentials obtained 
either from a 100-kv. kenotron set or from a 4000-volt 
motor-generator set. Voltages were measured with a 
100-kv. electrostatic voltmeter or with a D’Arsonval 
voltmeter equipped with a 20-kv. multiplier. Most of 
the tests on spheres were made with the apparatus 
previously described,‘ while tests on flat specimens 
were made in various semi-conducting baths or in air 
within an electric oven specially designed to maintain 
a constant temperature throughout the interior. Two 
sets of electrodes were used, one with sharp edges and 
one with edges rounded to a 3.2-mm. radius. Both had 
the same area in contact with the dielectric, this area 
being 15.9 mm. in diameter. Freezing mixtures and 
solid CO. were used in obtaining low temperatures. 
Thickness was measured with a micrometer by taking 
the lowest of a half-dozen readings made in the im- 
mediate vicinity of the puncture. ; 


MATERIALS 


The first tests were made on G-1 glass (a lead glass 
manufactured by the Corning Glass Works). The glass 
tubing was blown into the form shown in Fig. 1. 
Breakdowns occurred in the thinnest portions where 
the field was practically uniform. Similar tests were 
made on ordinary soda-lime glass manufactured by the 


3. Moon and Noreross, “Three Mechanisms of Breakdown 
Obtained on Glass by Elimination of Edge-Effect,” Franklin 
Inst. Jl., Dec. 1929. 

4, Moonand Norcross, loc. cit. 
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Kimble Glass Company, and on the laboratory grade of 
Pyrex. Flat sheets of G-1 and German microscope 
cover glass were also tested. The fused quartz was 
“Vitreosil’’ which was kindly furnished by the Thermal 
Syndicate, Ltd. The mica was a high grade of India 
ruby mica having the approximate composition 
H.KAI; (SiO,)3. The celluloid was a clear transparent 
cellulose nitrate made by the Eastman Kodak Co. It 
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Fia. 1—Form or Guass SPECIMEN USED IN BREAKDOWN TESTS 


was tested as received without any baking or other 
treatment. The chemical compositions (approximate) 
of the various glasses are given in Table I. 


TABLE I 
COMPOSITION OF GLASSES 
Labora- Fused 

G-1 glass | Lime glass |tory Pyrex} quartz 
SiOg shonsiadeie ss 2c. 66% 69.7% 80.8% 99.8% + 
WaeO ar couse tiers «hearts (hes) 15.0 4.1 trace 
sO) So. cs cetaee neers 6.3 Ae Ort 
CaO Fr Re ticthe fata tals Er 6.0 0.3 
Ba20O3 MO CED Cine PO CRs fee Lis 12.0 
Lead oxides... c..ns 20 + ous : 
ANN ants tenets trace 2.5 2.2 
Magnesia. caiaccwhceant od 3.8 e 
BOriczA Claes tech eee 1.0 


Resistivities were measured on direct current with a 
D’Arsonval galvanometer, readings being taken after 
five or ten minutes when equilibrium conditions had 
apparently been reached. Electrodes and guard rings 
were of mercury or graphite or were chemically silvered 
on the glass. Table II gives the resistivity data on the 
materials. Here 0 is the temperature at which the 
measurements were made, while A and B are the 
constants in Poole’s equation: 

log p =A-—-BX 
where p is the resistivity in ohm-cm. and X is the 
gradient in millions of volts per cm. It is obvious that 
the values of A are a measure by which the relative 
resistivities of the various materials can be compared. 


TABLE II 
RESISTIVITY 
G-1 Lime Laboratory Cover 
glass glass Pyrex glass Mica 
6, deg. cent. 24.5 27.6 24.0 29.0 24.0 
A 14.86 11.55 13.80 12501 16.30 
B 1.20 ihipek 7) 1.60 1.23 0.90 
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THE THREE REGIONS—TESTS ON SPHERES 


G-1 Glass. The results obtained on G-1 glass spheres 
are shown in Figs. 2A and 2B. Here the potential 
differences are expressed in kilovolts and the thicknesses 
in microns (1 4 = 0.001 mm.). In Fig. 2A the logarithm 
of breakdown voltage is plotted against logarithm of 
thickness in order to obtain straight lines. Each point 
represents a single breakdown measurement. It will be 
noted that the results seem to fall into three classes: 

1. At low temperature the breakdown curve has the 
slope of unity. (V = K,d) 

2. At higher temperatures, the points are well 
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represented by a straight line with the slope 2/3 
(V = K,d?/8), This is shown by the 125 deg. points. 

3. At the temperatures of 200 deg. and above the 
slope is less (V = K; d°**), which is clearly exemplified 
by the 250- and 300- deg. data. 

The same curves are replotted against the reciprocal 
of the absolute temperature in Fig. 2B. This shows the 
three regions of breakdown mentioned above. At low 


April 1930 


temperatures the breakdown voltage is independent of 
temperature. This is usually called the “disruptive” 
region. 

At very high temperatures the breakdown voltage 
varies rapidly with the temperature according to an 


THICKNESS IN MICRONS 
50 100 200 300 400 500 


BREAKDOWN VOLTAGE 
of Lime Glass Spheres 


BREAKDOWN VOLTAGE KV. 


12 4 16 18 20 22 24 26 


log d 
A 
TEMPERATURE °C 


0 20 50 75 100 150 200 
J 


250 300 350 
2.00 


175 


2. 275x10* 20 to 20.0 175 
RECIPROCAL OF ABS. TEMP. 


425 40.0 37.5 35.0 32.5 30.0 


B 


Fig. 3a, 33—BrEAKDOWN oF Limp Guass SPHERES 


exponential relationship. This has been shown! to be 
thermal breakdown. 

At temperatures between the other two, the voltage 
also appears to vary exponentially as the reciprocal of 


5. Moonand Norcross, loc, cit. 
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the absolute temperature, though the variation is less 
rapid than in the thermal region. For want of a better 
name, we have termed this the “intermediate region.”’ 

Inme Glass. Figs. 3A and 3B give similar curves for 
spheres of sodium-lime glass. The three regions are 
obtained as before, the principal difference being in the 
greater range of the intermediate region and the low 
temperatures at which the transition to disruptive 
breakdown occurs. 


Fused Quartz. Fig. 4 gives the results obtained to 
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date on fused quartz spheres. The samples were blown 
from clear transparent Vitreosil tubes by use of the oxy- 
hydrogen flame and were similar in size and appearance 
to the ones blown from glass tubing. The work on fused 
quartz is not yet completed, which accounts for the 
small number of points. However, the data seem to 
uphold the previous work. 


THE THREE REGIONS—FLAT SPECIMENS 
Cover Glass. The first tests on flat samples were 
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made on German microscope cover glass 4 cm. square 
and about 200 u thick immersed in a semi-conducting 
bath. The specimens were beautifully flat and uniform 
and gave very consistent results as shown in Fig. 5. 
Each point represents one breakdown. The inter- 
mediate region here appears as the long straight portion 
from room temperature to about 170 deg. The thermal 
region is also evident. No doubt the disruptive region 
will also be found when tests are made at lower temper- 
atures. Curves for G-1 glass spheres and lime glass 
spheres of the same thickness are also included in Fig. 5 
for comparison. Except for slight differences in the 
slopes, the curves are very similar. 

G-1 Sheets. The above curves showed clearly that the 
intermediate region was not due to a peculiarity of the 
glass spheres but was found also in flat sheets. How- 
ever, there remained the question of whether the break- 
down voltage of the same glass was the same when tested 
in the form of spheres and flat samples. The Corning 
Glass Works very kindly made us a set of thin G-1 glass 
sheets 4 cm. square and about 200 u thick. Tests were 
made with the same electrodes previously used and with 
a semi-conducting bath of carefully adjusted resistiv- 
ity. Unfortunately the samples were not very uniform 
and the surfaces were slightly wavy. The effect of this 
was eliminated as much as possible by using disks of 
gold leaf or of thin tinfoil exactly the size of the 
electrodesand by forcing these disks into intimate contact 
with the surfaces of the sample. Despite these pre- 
cautions, however, the breakdown values were not very 
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consistent, and it was found impossible to get a curve 
similar to Fig. 5. What was finally done was to take 
the average of from six to twelve readings made under 
the same conditions. This was done at several temper- 
atures, and the values were compared with the results 
from Fig. 2 for G-1 spheres. (See Table III.) 


TABLE ITI 
BREAKDOWN OF G-1i GLASS 


Spheres 
Flat sheets log V from 

6 d Region (log V) av. Fig. 2 
20.5 deg. cent. 145p Disruptive 1.72 1.65 
23.0 272 Intermediate 1.83 1.87 
50 236 ‘ id 1.69 
96 240 3 1.55 1.52 
345 239 Thermal 0.16 0.17 


—————————— OT 


MOON AND NORCROSS 


Transactions A. I. E. E. 


All tests were made in a semi-conducting bath of 
xylene and aniline except the last which was in air. 
Edge breakdown was eliminated in all cases. It will be 
noted that the two methods are in fairly good agree- 
ment; and since the deviations are indiscriminately plus 
and minus, it may be stated that edge-effect elimination 
by the sema-conducting bath gives the same results as edge- 
effect elimination by use of spheres. 

Celluloid. The results obtained on 125 yu celluloid 
are shown in Fig. 6. This curve proves that the three 
regions of breakdown are not confined to glass but may 
appear with other materials. It is also interesting to 
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note that the breakdown gradient in the disruptive 
region is 2500 kv./em. This is not as high as that for 
glass but is much higher than is usually found for cellu- 
loid. This high gradient is, of course, the result of 
eliminating breakdown at the electrode edge. 

The few points shown by squares were obtained in air 
and are seen to check the other tests which were made 
in semi-conducting baths. However, samples tested in 
air at temperatures below 140 deg. cent. (the critical 
temperature for celluloid of this thickness) invariably 
broke at the electrode edge. This criterion was used to 
determine the sharp break between the thermal and 
intermediate regions, and the critical temperature thus 
obtained checked that from the intersection of the two 
curves. This is a well-known property of the thermal 
region: edge-effect does not enter and no semi-conduct- 
ing bath is necessary. In the other two regions, how- 
ever, some effective method of eliminating edge break- 
down is absolutely required. 

Mica. An investigation was made of the breakdown 
of India mica at room temperature. Both sharp-edge 
and rounded-edge brass electrodes were used and were 
found to give the same results. Fig. 7 shows the final 
data obtained by using a bath of xylene + 20 per cent 
aniline and sharp-edge electrodes. It will be noted that 
there is a linear relationship between voltage and thick- 
ness, the average breakdown gradient being 10,600 
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kv./em. This linear relationship indicates that these 
breakdowns are in the disruptive region. Besides the 
circles (room temperature) of Fig. 7, a’few crosses will 
be noted. ‘These represent breakdowns at 100 deg. 
cent. using the same electrodes and same bath. Evi- 
dently the breakdown strength has not been reduced by 
the increase in temperature, which supports the idea 
that the mica is operating in the disruptive region. 

As further increase in temperature was not possible 
with this bath, other baths were tried in an attempt to 
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get the breakdown strength at 200 deg. Media which 
were satisfactory for glass were utterly ineffective in 
preventing edge breakdown on mica because of its much 
higher breakdown strength, and no satisfactory bath 
was found. Finally some tests were made in air in the 
oven to see if at sufficiently high temperatures the 
material would not fail by thermal breakdown. If the 
thermal region could be reached, edge-effect would 
automatically disappear. At 500 deg. cent., however, 
the mica continued to fail at the electrode edge. The 
results given in Table IV show that the breakdown 
voltage under these conditions is somewhat lower than 
at room temperatures, though because of edge break- 
down the results are questionable. 


TABLE IV 
BREAKDOWN OF MICA 


Edge effect 


0 Medium eliminated Ky. /em 
20 deg. cent. Air No 3,520 
500 Air No 2,520 
20 Transformer oil No 6,960 
20 Xylene + Aniline Yes 10,600 
100 Xylene + Aniline Yes 10,210 


It is not evident whether the mica is still in the dis- 
ruptive region at 500 deg. or has started down into the 
intermediate region. In any case, the superlative in- 
sulating qualities of mica are evident: the breakdown 
gradient remains independent of temperature to at 
least 100 deg. and the thermal region is apparently not 
reached at 500 deg. 

Criterion for Edge-Effect Elimination on Flat Sheets. 
At the very beginning of the tests on flat samples, a need 
was felt for some means of measuring the degree of 
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edge-effect elimination. To meet this need the follow- 
ing method was used: 

The electrode face was considered divided into ten 
concentric rings of equal area. (See Fig. 8.) Now if 
there be absolutely no dielectric flux concentration at 
the electrode edge, punctures will occur presumably at 
random over the electrode face. Thus if a sufficiently 
large number of tests is made and a record kept of the 
position of each puncture with respect to the electrode 
edge, the resulting distribution curve should have an 
approximately flat top. That is, about the same num- 
ber of failures would be expected to occur in each of the 
rings. On the other hand, any flux concentration at the 
electrode edge would cause the distribution curve to 
have a peak near Ring 10. 


The results on mica are shown in Fig. 8. The elec- 
trodes are seen to be 15.9 mm. in diameter with sharp 
edges. The rings of equal area are marked from 1 to 10 
from the center outward. The top distribution curve is 
for breakdown in air, and all of the failures will be seen 
to have occurred outside the electrode. The average 
breakdown strength was 3520 kv./em. The next tests 
were made in transformer oil which gave an improved 
distribution, though there are still too many punctures 
near the electrode edge. The average breakdown 
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gradient was raised to 6960 kv./em. The lowest dia- 
gram of Fig. 8 gives the distribution of all the 25 deg. 
data of Fig. 7. A bath of xylene and aniline was used 
and the breakdown gradient was found to have the high 
value of 10,600 kv./em. The particular bath consisting 
of 20 per cent aniline was used only after considerable 
experimenting with different baths ranging from pure 
xylene (the highest resistivity bath) to xylene + 50 
per cent aniline (the lowest resistivity bath). The 20 
per cent bath seemed to give the best elimination of 
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edge-effect and was thus used in all the tests of Fig. 7. 
The distribution diagram (Fig. 8) seems to still indicate 
a slight tendency to edge breakdown. However, the 
writers feel sure that this tendency (if, indeed, it exists 
at all) causes very little error in the average breakdown 
gradient. 

Similar distributions obtained from the cover glass 
tests and the celluloid tests are shown in Fig. 9. Here 
it will be noted that the rounded-edge electrodes were 
used. ‘The cover glass results are for all the tests on 
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that material. At low temperatures a xylene-acetone 
mixture was used, while at the higher temperatures, 
Mobiloil “E,’’ molten paraffin, and air were used as 
immersing media. 

Likewise, the lower distribution is for all the celluloid 
tests. The following baths were used at different tem- 
peratures: Wemco ‘“C” oil, Wemco “C” oil + 5 per 
cent aniline, pure aniline, toluene + 4 per cent propionic 
acid, toluene + 3.5 per cent valeric acid. Both of these 
distributions are considered as good as could be 
expected with the small number of readings used. 


EFFECT OF ELECTRODE MATERIAL 


The results of the above tests show no appreciable 
effect of ordinary changes in electrode material. Most 
of the tests on glass spheres were made with mercury 
electrodes, though a considerable number in the dis- 
ruptive and intermediate regions was made with acidu- 
lated water. Absolutely no difference in breakdown 
voltage could be detected. In the thermal region, some 
tests were made with molten solder (ordinary soft 
solder) electrodes with very little if any difference from 
the values obtained with mercury electrodes. 

An investigation was also made of the breakdown of 
glass with special electrode materials which supply the 
glass with sodium ions. It is generally known that the 
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sodium ion is responsible for a large part of the conduc- 
tion in ordinary glass and that the apparent resistivity 
of the material. can be greatly lowered if electrolytic 
polarization is reduced. Tests were made on lime glass 
with electrodes of sodium amalgam, Na»SO, solution, 
and molten NaNO;. A set of curves like those of Fig. 
24 was obtained, and these values were replotted against 
1/T in the usual manner. One of these curves for 100 u 
spheres is shown in Fig. 10. The points are the average 
values taken from the log V — log d curves mentioned 
above. 

It will be noted that in the intermediate region the 
data for the non-polarizing electrodes are practically 
the same as for mercury electrodes, but in the thermal 
region the breakdown voltage is greatly reduced. The 
fact that the readings made with molten NaNO; fall 
below the curve seems to indicate this substance is more 
effective in eliminating electrolytic polarization than 
are the other materials. 

Other data on G-1 spheres and Pyrex spheres showed 
that in the disruptive and intermediate regions the 
breakdown voltage was practically unaffected by the 
non-polarizing electrodes while in the thermal region 
the breakdown voltage was considerably reduced in all 
cases. In this connection it should be noted that all the 
results on fused quartz were obtained with non-polar- 
izing electrodes. Thus the values given for this material 
in the thermal region are probably somewhat lower than 
will be obtained with ordinary electrode materials. 

The principal reason for the above tests was to make 
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sure that the intermediate region was not caused in any 
way by electrolytic polarization. When polarization 
is present the voltage gradient is of course not uniform 
from one electrode to the other but tends to concentrate 
near the electrodes. The above results indicate that 
this phenomenon has no marked effect on breakdown. 
The reduction in puncture voltage in the thermal region 
is undoubtedly due to the reduced resistance of the 
sample and the resulting increase in heating effect. It 
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should be noted that if an accurate quantitative check 
of the Fock theory or of other thermal theories is ever 
made it will have to be made with non-polarizing elec- 
trodes, since a tacit assumption of all these theories is 
that polarization is absent. 


EFFECT OF TIME 


Considerable care was exercised throughout the tests 
to raise the voltage slowly enough to allow approximate 
equilibrium conditions to obtain up to breakdown. In 
the thermal region, a uniform rate of voltage rise which 
gave breakdown in about ten minutes was found to be 
satisfactory. Further increase to thirty minutes had 
no measurable effect. 

In the intermediate region a somewhat higher rate of 
voltage rise was used, most of the failures occurring in 
four or five minutes. To make sure that ordinary 
changes in rate had no effect, a set of tests was made on 
lime glass spheres at 670 volts/sec., giving breakdown in 
about 30 seconds. The averages check the curves of 
Fig. 3. 

A similar run was made on G-1 glass in the disruptive 
region. A uniform rate of 900 volts/sec. was used and a 
check again obtained with the curves. Thus in the 
intermediate and disruptive regions the breakdown 
voltage was found to be independent of time within 
the range which could be obtained conveniently. In 
the thermal region, on the other hand, rate of voltage 
rise had a marked effect when the total time of voltage 
rise was less than five or ten minutes. 


SUMMARY OF RESULTS 

The data indicate that the breakdown voltage of 
various glasses, celluloid, and fused quartz on direct 
potential can be expressed by the equation: 

V = K;d" (10)"*/7 

where 

V = breakdown voltage in kilovolts 

d thickness in cm. 

T = absolute temperature 

K, n, and b are constants determined by experiment 

4 denotes the region considered: 7 = 1 for disruptive, 
4 = 2 for intermediate, 1 = 3 for thermal. 
The values of and 6 for the three regions are tabulated 
below: 


TABLE V 


Effect of Thickness Effect of Temperature 


—— | | | | 


Fused quartz (non- 


POL OlLOC is ersiaxann.s 5,000} 1.00 .63 .50 0 330 2250 
IDYTGR. Jahon caasae 4,800 | 1.00 | 0.70 os 0 715 a 
Cover glass.......... eae a oe i aa 687 | 1500 
Gel class asst cves 3,100 | 1.00 | 0.66 | 0.25 0 470 | 1540 
Lime glass.......... 4,500 | 1.00 | 0.63 | 0.185} 0 735 | 1910 
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It will be noted that in the intermediate region m2 
varies between 0.63 and 0.70 for the different materials, 
and it seems probable that a value of 24 is very nearly 
correct for all these dielectrics. Thus it may be stated 
that in the intermediate region the breakdown voltage 
varies as the 24 power of the thickness. The values of 
m3 vary through a wider range, but this is explicable on 
the basis of the Fock thermal theory® which allows any 
value from 0 to 0.50. The values of b. and 6; do not 
differ greatly in the various materials and the values of 
b; check the Fock theory satisfactorily.” 


Table VI attempts to correlate the resistivity and 
breakdown voltage of the various glasses with the 
chemical composition. With glasses of such widely 
different composition only a crude check can be possible 
at best. Neverthelessa certain correlation will be noted. 
If the per cent Na.O, K.O, and CaO is compared with 
the breakdown gradient in the thermal region, it will be 
noted that there is a perfect correlation between the 
two. This might be expected from the fact that thermal 
breakdown depends on the heating effect of the current, 
this effect increasing as the Na, K, and Ca ions are 
increased in number. A similar correlation would be 
expected with resistivity. This is true except for the 
anomaly of G-1 glass; which, despite its fairly high 
alkali content, has a very high resistivity. The lead 
oxide, which is present in this one glass, may be re- 
sponsible for this discrepancy. 

In the disruptive region, it is a firmly established 
fact that conduction has no effect on breakdown,—the 
breakdown mechanism is of an entirely different char- 
acter. The excellent correlation between breakdown 
gradient in the disruptive region and SiO: content 
might lead one to surmise that glass breakdown in this 
region is due to a disruption of the SiO, molecule. Such 
an idea, however, is pure speculation. It is interesting 
to note that ordinary sodium-lime glass, which has the 
largest alkali content and the lowest resistivity, and 
which is decidedly the poorest insulator in both thermal 
and intermediate regions, has a much higher disruptive 
breakdown strength than G-1 glass. This is in agree- 
ment with the respective SiO: contents. 

The critical temperatures 0,, and 0.2 have also been 
tabulated. These are the temperatures at which tran- 
sition occurs from one type of breakdown to the next. 
There appears to be no correlation between these tem- 
peratures and composition. This might be expected 
because a critical temperature depends not on one 
breakdown mechanism but on two. 

That the three types of breakdown are distinct and 
separate and are not merely modifications of one or two 
mechanisms is indicated by many of the above curves. 


6. V. Fock, “Zur Warmetheorie des elektrischen Durch- 
schlages,” Archiv. f. El., 19,1927, p. 71. 


7. Moonand Norcross, loc. cit. 
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TABLE VI 
CHEMICAL COMPOSITION AND BREAKDOWN STRENGTH 
Kilovolts per cm. Deg. cent 
% Na2O | |_|) 
+ % K,0 Inter- 
Material % Sis + % CaO log p25 Disruptive mediate! Thermal? 0c1 002 
Bused Quartz i:.)clraunetn wie crlrs eee 99.8 trace 19.04 5,000 1815 5608 -31 2703 
PYLOR  icae ce hqyesc sah te ehay sre le (enero one ae 80.8 4.5 13.8 4,800 1050 200 —20 140 
Gea glass z 5... sd seteriese foietaber ele tevette 66 13.8 14.9 3,100 1200 102 +22 150 
Cower S188 ions cece aie nists be tours Preece 2 ake 730 60 +20 165 
Line glass7 4 33003 no oe oe 69.7 2EO ae a5 4,500 355 32 —33 2a7 
Celluloid (G25 1) ic srs oieke sbetene stone 2,500 420 mat —10 140 
INGia MICA S..35 Me oe taut ee eines 16.3 10,600 +100 = 
Nore. 25 is the resistivity at room temperature (value of A at 25 deg. cent., approximately). 


1. For 200u and 100 deg. cent. 

2. For 200yu and 300 deg. cent. 

3. With non-polarizing electrodes. 
a greater 0 ¢9. 


Ordinary electrodes would probably give a higher breakdown gradient in the thermal region and 


4, Obtained from R. B. Sosman, *’Silica,’’ Chem. Catalog Co., 1927, p. 528. 


A summary of the experimental facts upon which this 
statement is based is given below: 

Disruptive and Intermediate Regions are distinct as 
shown by the effects of 

1. Temperature. No effect in disruptive but de- 
cided effect in intermediate region. 

2. Thickness. Breakdown voltage varies as the 
first power for disruptive but as the 24 power for 
intermediate. 

3. Composition of Glass. Disruptive breakdown 
seems to depend on SiO, content. 

Intermediate and Thermal Regions are distinct as 
shown by the effects of 

1. Temperature. Breakdown voltage varies much 
more rapidly with temperature in the thermal region 
than in the intermediate. 

2. Thickness. Breakdown voltage varies as the 
24 power of thickness in the intermediate region but as 
the 1% or lesser power in the thermal. 

3. Time. Has no apparent effect (20 volts/sec. to 
1000 volts/sec.) in the intermediate but marked effect 
in the thermal region. 

4. Polarization. Has no effect in intermediate but 
decided effect in thermal. — 

5. Edge Breakdown in Air. At temperatures below 
0.2 all punctures occur at electrode edge. 


CONCLUSIONS 


The elimination of edge breakdown greatly increases 
the puncture voltage of solid dielectrics. Within the 
limits of experimental error, the same results are ob- 
tained with the different methods of edge-effect elimina- 
tion: hollow spheres, also flat sheets in semi-conducting 
baths. Repeated checks with various semi-conducting 
baths show that all baths give the same breakdown 
voltage provided the resistivity is adjusted to prevent 
failure at the electrode edge. 

In the disruptive region the breakdown gradient is 
independent of both temperature and thickness. 

In the intermediate region the breakdown voltage 
varies approximately as the 24 power of the thickness 
and exponentially as the reciprocal of the absolute 
temperature. 

In the thermal region the voltage varies as the 14 or 


lesser power of the thickness and as an exponential 
function of the reciprocal of the absolute temperature. 

The rate of voltage rise has no effect on the break- 
down voltage in the disruptive and intermediate regions. 
This statement applies only to the range of voltage rise 
from about 1000 volts/sec. to 20 volts/sec. and is not to 
be construed as applying to transients. In the thermal 
region, the rate of voltage rise has a very marked effect 
for rates which give breakdowns in less than five or ten 
minutes. 

No effect of electrode area could be detected with 
glass spheres having a range of areas of about 10:1. 
This conclusion, of course, applies only to homogeneous 
materials. 

Electrode material has no apparent effect on break- 
down voltage in the disruptive and intermediate regions. 
In the thermal region, however, it may haveconsiderable 
effect. 

Electrolytic polarization does not appreciably alter 
the disruptive and intermediate breakdown voltages. 
However, non-polarizing electrodes greatly increase the 
conductivity of glass and thus decrease the puncture 
voltage in the thermal region. 

There appears to be a direct correlation between the 
SiO, content of a glass and the disruptive breakdown 
strength. In the thermal region a similar correlation 
can be found between total alkali content and break- 
down gradient. 

In conclusion the authors wish to express their thanks 
to those whose help has made this paper possible. To 
Dr. V. Bush, under whose direction the research was 
conducted, the authors owe much. Thanks are also due 
to Mr. M. O. Porter, Jr. for permission to use the data 
which he obtained on the breakdown of celluloid (Fig. 
6) and to Mr. L. A. Bingham for most of the work on 
fused quartz (Fig. 4). Messrs. R. A. Swan and W. F. 
Bartlett are responsible for the data on Pyrex, while 
Messrs. W. E. Creedon and W. E. Lowery obtained the 
results on lime glass at — 60 deg. cent. We also wish to 
thank the Corning Glass Works which made the flat 
sheets of G-1 glass especially for this investigation, and 
the Thermal Syndicate, Ltd. which furnished the Vitre- 
osil tubing. 
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Discussion 


R. W. Atkinson: I think perhaps the one curve you saw on 
the board must represent a greater number of individual points 
and of individual tests showing dielectric strength than any other 
published data, and undoubtedly this paper represents a greater 
amount of systematic and careful study of dielectric strength 
than anything previously published. 

The authors mentioned very briefly their methods of eliminat- 
ing edge effects. I have been very much interested in these 
methods as deseribed at some committee meetings in Boston, 
and I think that if the subject matter of the paper itself had 
not been so important you would have been equally interested 
in the description of these methods and of hearing what a large 
problem the elimination of edge effects is, and how difficult it 
becomes at the tremendous stresses to which these authors 
were able to carry their tests. Of course, in connection with the 
magnitude of the voltage which they were able to secure, it is 
worth while to remember that the voltage was direct. That 
gave them an opportunity to use one method that might not be 
available with alternating current. But, on the other hand, 
there are methods of eliminating edge effects with alternating 
current that might not have been as valuable with direct. At 
any rate it will be very worth while sometime for them to pub- 
lish the data in reference to this subject also. 

One important thing, as the authors have brought out by their 
data, and which we wish specifically to single out, is their demon- 
stration of three ranges of breakdown. The range of breakdown 
which has been discussed at very great length of recent years is 
the pyroelectric. There are several reasons for the large amount 
of discussion of pyroelectric failure. One is that under a wide 
range of conditions that have existed and materials involved, 
and within the range of temperature and with the thicknesses of 
materials used, and with the dielectric losses obtained, the usual 
type of failure in the testing to destruction of certain types of 
specimens has been pyroelectric failure, and in all cases the 
characteristics were similar to the right hand side of the curves 
which you observed. Some very prominent and capable engi- 
neers even suggested that this is characteristic of all failures under 
dielectric stress. I think that the best evidence that this is not 
true is the three slopes on these curves. Of course, we may find 
that all three types of failures are related in a certain degree. 

Another thing which has caused it to be given more attention 
is that the pyroelectric failure as given on the right hand side 
of the curve follows a definite law with reference to the tempera- 
ture and that when the thermal and dielectric loss character- 
istics of the insulation are taken into account, the law of pyro- 
electric failure for any thickness of a given material can be pre- 
determined by comparatively low voltage measurements. Of 
course, sometimes we can measure it very much easier than we 
can calculate it, but any physical problem which can be reduced 
to a mathematical one, is very much easier understood. 

The other two ranges are much less known. We do not know 
just what it is that produces either of the others. Incidentally 
though, in these tests the authors have approached very much 
more closely some values of breakdown as suggested by some 
mathematicians who have taken the fundamental physical 
characteristics of the material and have calculated theoretical 
breakdowns quite out of range of those obtainable in ordinary 
tests. 


There was one thing mentioned in the discussion by Professor 
Kouwenhoven regarding dielectric loss measurements about the 
necessity of shielding with a certain type of measurement. I 
should like to make one comment. The methods of shielding 
have been associated in many cases with the method of measure- 
ment. I have felt that the method of shielding is primarily a 
function of other things than the method of measurement. The 
amount of shielding that is required is a function of the sensitivity 
and accuracy that is wanted. It may also be expressed as a 
function of the thickness of dielectric and the capacitance of the 
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specimens of the amount of voltage across the detecting element 
of the measuring circuit. In the case of the Wien bridge, this 
is the amount of voltage across one of the arms of the bridge, 
or in the ease of the dynamometer instrument, the voltage 
across the dynamometer, or we may say more broadly the amount 
of voltage between the low tension plate of the condenser and 
ground. <A general solution of the requirements for shielding 
can be made independently of the exact type of measuring 
instrument. 

M. C. Porter, Jr.: Although the problem of eliminating edge 
breakdown has received much attention, Messrs. Moon and 
Norcross are the first to present a great number of tests giving 
full consideration to this problem. When we consider that the 
voltage-temperature curves for dielectric breakdown have here- 
tofore shown two regions, no better illustration of the importance 
of the problem can be offered than what we have just heard. 

At present, there are not a great many satisfactory methods 
of eliminating edge breakdown. The various methods may be 
classified into two rather inclusive groups according to the type 
of specimen tested: (1) shaped specimens, and (2) flat specimens. 

In the first group, we may place the hollow glass spheres just 
deseribed. The success of this method finds its most probable 
explanation in the fact that the change of thickness throughout 
the specimen is so infinitely gradual. 


In this group we find also specimens made by machining or 
molding a spherical cavity in a block of the dielectric. Mathe- 
matical analysis shows that a spherical contour will not eliminate 
“edge-effect,’’ and the results of many experimental investigators 
using this method, seem to verify this analysis. The failure of 
this method most probably lies in the choice of a spherical cavity 
whose diameter is necessarily small because of the size of speci- 
mens chosen. 


Rogowski, using the well-known Maxwell equations for 
plotting the electrostatic field about a thin plate electrode, has 
used electrodes for tests in air, shaping the electrodes to follow 
an equi-potential contour. I have employed such electrode 
shapes in making several tests on amber bakelite and celluloid, 
where the cavity machined in a block of the material followed 
an equi-potential contour. Although the tests on bakelite were 
not satisfactory, apparently because the contour chosen too 
nearly approximated a circle of relatively small diameter, the 
celluloid samples were entirely satisfactory. These samples were 
shaped to follow a comparatively flat contour. The gradients 
obtained check with my corresponding tests when using a semi- 
conducting bath. This method of shaping samples is ap- 
parently satisfactory but is much too expensive when compared 
with other simpler methods. The method, however, emphasizes 
the importance of discarding a spherical contour for the electrode 
edge and shows that the apparent vagaries encountered in 
endeavoring to eliminate ‘‘edge-effect’’ are amenable to 
calculation. 

The second group includes a far more attractive method of 
making tests, inasmuch as specimens in the form of thin flat 
sheets can readily be obtained for most insulating materials. 
The method of immersing the electrodes and specimen in a semi- 
conducting bath is a very simple and effective one. In making 
my tests on celluloid, for instance, I was able to eliminate edge 
breakdown over a temperature range of from approximately 
— 60 deg. to 150 deg. cent., a range sufficiently wide to disclose 
the existence of three mechanisms, as already shown (see Fig. 6 
of the above paper). 

At the lower temperatures, some difficulty was experienced in 
obtaining a bath that had a low enough resistivity and yet would 
not freeze. After trying a number of baths, a bath of toluene 
and valerie acid, with the valerie acid added to reduce the 
resistivity, was found to be entirely satisfactory. The tempera- 
ture was varied by dropping lumps of solidified CO, into the bath. 
It is probable that such a bath will be found satisfactory for 
tests at a low enough temperature to disclose the disruptive 
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region of breakdown for almost any dielectric, since the resistivity 
of this bath may be varied within fairly wide limits. 

Serious limitations of the semi-conducting bath are encountered 
at the higher temperatures. Although the difficulty of elimi- 
nating “edge-effect’’ begins to decrease as the temperature 
increases, the temperatures are frequently so high as to be above 
the flash-point of the bath. 

There is a definite need for a method of testing flat sheets of 
dielectric in air. Such a method is especially desirable for com- 
mercial purposes. I have designed and built what may be 
called a distributed-potential electrode. 'This electrode is made 
from a short section of a Westinghouse transformer bushing 
which consists of thirty-one concentric layers or rings of tinfoil 
insulated from each other and wound around a central brass 
tube. The one end of the section is carefully machined and 
seraped and to the other end there are applied to each of the 
thirty-one concentric rings various potentials obtained by tap- 
ping a two million ohm wire-wound resistance bank. One end 
of this resistance bank is connected to ground and to the outer 
layer or ring of the electrode; the other end is connected to the 
central electrode of the bushing and to the high-potential side 
of a 100-kv. kenotron set. A calculated potential distribution 
is used that follows a Rogowski equi-potential contour. The 
sample to be tested is placed on the machined end of the bushing 
and a ground plate placed on top of the sample. A specially 
constructed relay quickly opens the circuit at breakdown. 

After proper care was exercised in machining and scraping 
the surface of the electrode so as to obtain contact between the 
tinfoil layers or rings and the sample, it was found that ‘‘edge- 
effect’? was satisfactorily eliminated. The punctures occur 
rather consistently at the center electrode and the breakdown 
gradients check with those obtained when using a semi-con- 
ducting bath. Tests have been made on six thicknesses of dielec- 
tries, the dielectrics being celluloid, cellulose acetate, and 
“Kodaloid.”’ So far as J am aware, this distributed-potential 
electrode represents the first successful method of testing flat 
heets of homogeneous dielectrics in air. 

I plan to submit a paper which will give certain more detailed 
information regarding these various methods along with the 
design of the distributed-potential electrode. 

All my work was done under the supervision of Dr. V. Bush. 

F. M. Clark: I desire to call attention to a paper published 
by V. M. Montsinger and myself in the General Electric Review, 
Vol. 28, 1925, p. 286. This paper concerns itself with the a-c. 
strength-thickness relation in fibrous insulation as a function of 
the testing conditions. With increased size of parallel plane 
electrodes, the strength changes from the two-thirds, or seven- 
tenths power of the thickness to the first power. With specially 
constructed electrodes to eliminate the edge effect, we also 
obtained breakdown as a function of the first power of the 
thickness. These results may assume increasing importance in 
the light of the present researches of Moon and Norcross. 


J. B. Whitehead: I think one must be impressed by the 
definiteness of the results that are presented on celluloid in spite 
of an unwillingness to accept so abrupt a variation in the law of 
the electric breakdown as is shown by the three sections of the 
eurve. Nature doesn’t usually work that way. The results are 
very definite and it is to be hoped that the work will be carried 
further and the matter cleared up as to just how definite the 
conclusion is when extended to other materials. 


The initial portion of the curve is called the region of dis- 
ruptive breakdown. There isa theoretical disruptive breakdown 
of all materials. A most interesting analysis of the conditions 
of equilibrium within the molecule and atom of a crystal has been 
made by the German electrician, Rogowski. He attempts to 
explain the gap between what he calls the technically observed 
breakdown gradients and the theoretical breakdown gradients 
as determined from the condition of electrostatic equilibrium 
as related to the kinetic relationships under the kinetic theory. 
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He ealls attention to the fact that the difference between these 
two values is by a factor anywhere from 20 to 100. In other 
words, the technically observed breakdown stresses fall to a 
fraction of about 1/100, at best to a twentieth, of the computed 
values as based on our best theory. The breakdowns described 
in the paper of Messrs. Moon and Norcross are, of course, the 
technical breakdowns. 

Rogowski explains the discrepancy, by assuming that all 
breakdown results from secondary ionization occurring in 
fissures and local imperfections in the material. I ask the 
authors whether they have examined their values of breakdown 
as related to the theoretical explanation as given by Rogowsky 
and let us know whether the gap between theory and experiment 
has been made any smaller. 

Wm. A. Del Mar: (communicated after adjournment) One 
of the reasons why the behavior of dielectrics under high stress 
has not been brought, within the scope of any law is that up to 
the present time it has not been possible to test a pure dielectric 
and all of the experimental results which have been obtained 
have been tests of impurities rather than of the material being 
studied. Messrs. Moon and Norcross have arrived at the point 
where they are apparently testing the dielectric proper and 
therefore their results are of unusual value. 

I do not feel, however, that they have fully proved their claim 
that there are three regions of dielectric breakdown. Two 
regions are known, one of which is characterized by the direct 
puncture without preliminary deterioration and the other by 
gradual deterioration preceding puncture. These are the two 
extreme regions of the authors’ curves. 

They do not state the physical characteristics of the failures 
which occur in the intermediate region. If there is a true inter- 
mediate region, the failures occurring therein should have some 
characteristic by which they may be identified other than the 
shape of the curves between temperature and breakdown voltage. 
Whenever one encounters angularities in the graphs of natural 
process, it is advisable to examine closely into the facts because 
such discontinuities are rare. 

In looking over the data presented by the authors, we find 
Figs. 2a, 3a, and 4a resembling gun-shot diagrams, with the 
possibility that the lines representing averages might be moved 
up or down without violating the probabilities. It is only in 
Fig. 6 that we find the points following the average line with 
such closeness as to really substantiate the idea of discontinuity. 
Even here it is quite possible to draw a smooth curve through 
the points without doing violence to the facts. 

In view of the erratic behavior of dielectrics under stress, it 
seems unlikely that the authors will obtain a better curve than 
that shown in Fig. 6 and therefore in order to prove their case 
they should look for some other characteristic of the third region 
of breakdown which will differentiate it from the other two and 
prove that it is not merely a combination of the two known 
regions. 

P. H. Moon: Everyone who has made breakdown tests on 
solid dielectrics knows that the most uniform materials obtain- 
able tested with the utmost care will not give unlimited accuracy. 
Our points are necessarily scattered considerably more than we 
could wish, and thus the question of whether the curves should 
actually break sharply or should have rounded corners is. one 
which our data are incapable of answering. 


Our idea, advanced in the Franklin Institute paper, is that 
there are three distinct mechanisms of breakdown, each following 
itsownlawsasshownin Fig.1 herewith. HereJis disruptive break- 
down which, presumably, could be obtained at any temperature 
provided the other types of failures could be suppressed in some 
way. Ourve II represents the intermediate type of puncture, 
and III is the thermal type. We believe I, II, and III to be 
separate entities rather than combinations of two mechanisms 
because of the various differences observed (see “Summary of 
Results’). The reason, then, that the actual breakdown follows 
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the solid curve is merely that the mechanism is always selected 
which results on the lowest breakdown voltage. If this is the 
correct interpretation, then curves such as Figs. 2, 3, 4, 5, and 6 
would necessarily result. 

Dr. Whitehead mentions the work of Rogowski on disruptive 
breakdown, and I think a very brief sketch of the results of that 
paper might be of interest. Because of the large amount of 
information which is available on the constitution and proper- 
ties of NaC1, Rogowski chose to make his calculations for that 
material. He considered a perfect crystal and found that under 
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the action of a sufficiently strong electric field a condition of 
instability might obtain with resulting disruption of the erystal 
lattice. For the disruptive breakdown strength he obtained 
290, 190, or 150 x 10° volts/em. depending upon the assump- 
tions made. The lowest of these values is about 15 times as 
great as the highest we obtained. 

However, it is known that rock salt crystals are not perfect 
but contain sub-microscopic cracks. Using a length of fault 
of 10~* em. as estimated by Smekal, Rogowski found a break- 
down gradient of 

E > 13800 kv./em. 
This seems to be of the right order of magnitude, our lowest 
value being 2500 kv./em. 

It is scarcely necessary to point out that there is no justifica- 
tion in applying calculations made on rock salt at our tests 
which were on quite different materials. Breakdown tests on 
NaCl with edge effect carefully suppressed would be valuable, 
though I am not aware of any having been made. 

To me one of the outstanding aspects of insulation break- 
down is the great improvement that has been made in test 
methods in the last few years, and the tremendous simplification 
which has resulted in the specification of the results of insula- 
tion tests. ‘It was only two or three years ago when to specify 
the results of a breakdown measurement required, besides the 
gradient, all the data as regards the particular test method and 
apparatus used. That is, one had to specify besides the break- 
down gradient the thickness of the sample, the temperature, 
the rate of voltage rise, the electrode area, and the particular 
way in which the electrodes were shaped. Also he had to tell 
whether the tests were made in air or in oil, because the results 
were entirely different under these two conditions. 

Contrast that with what can be done now. For instance, 
in the paper by Mr. Noreross and myself, Table V gives the 
disruptive breakdown strengths of various materials, and we 
thoroughly believe that these values are the true disruptive 
strengths; that is, they appear to be the highest gradients 
that can be obtained on these materials, at least in any thick- 
nesses that can be used in engineering work. We believe these 
disruptive breakdown strengths to be independent of time 
within a very wide range. They are independent of temperature 
as long as we stay in the disruptive region. They are indepen- 
dent of thickness, and they are independent of the size and 
shape of the electrode. We have tried sharp-edge electrodes 
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and rounded-edge electrodes and have obtained the same results 
with both. We have also used at least a dozen different baths 
in which we have immersed the samples and have obtained the 
same breakdown voltages with all of them, provided, of course, 
that edge effect was eliminated. So modern advances in experi- 
mental technique have tremendously simplified our specification 
of the results of dielectric breakdown. 

I have been talking about the disruptive region. Of course 
in the intermediate and thermal regions there are a few more 
variables. That doesn’t cause us any worry as far as the thermal 
region goes, for there is a fairly adequate theory for thermal 
breakdown. In the disruptive region and the intermediate 
region there is no satisfactory theory at the present time, but 
it seems likely that these improved test methods and improved 
results will help the development of satisfactory theories in 
these other regions. 

A. S. Norcross: Failure of insulation due to deterioration as 
mentioned by Mr. Del Mar undoubtedly exists in cables but we 
do not believe this factor had any influence on our results. At 
high temperatures we are convinced that failure is due to heating 
and that these results are governed by laws obtained only from 
thermal considerations. 

Mr. Del Mar excellently pointed out the fact that sufficient 
accuracy to prove the existence of three types of breakdown are 
difficult to obtain even with homogeneous materials. It has 
also been suggested by several that our curves representing the 
disruptive and intermediate regions of breakdown could have 
been drawn to indicate one type of breakdown. However, we 
believe that the most logical arrangement for these curves is as 
they are drawn. 

Other characteristics supporting the idea of two distinct 
regions for the disruptive and the intermediate region of break- 
down are given in the summary of our paper. The most im- 
portant of these are as follows: 

1. Temperature had absolutely no effect on the values of 
breakdown in the disruptive region and did have a very marked 
effect in the intermediate region. 

2. Breakdown of all the materials tested varied with the first 
power of the thickness in the disruptive region and approxi- 
mately with the two-thirds power of the thickness in the inter- 
mediate region. 

3. The disruptive value of breakdown seems to depend upon 
the SiO. content of the glass as indicated in Table VI while there 
is no such correlation in the intermediate regions. 

We believe our results indicate the above characteristics very 
definitely and I should like to ask those who question the exis- 


tanee of the third region of breakdown how to explain those 


facts except by concluding that the change in characteristics 
marks the transition point from one type of breakdown to 
another. 

In one region of breakdown it is not reasonable to expect 
temperature to have no effect on breakdown between certain 
limits and to have a very decided effect between certain other 
limits. 

Likewise, in one region of breakdown, it is not probable that 
the breakdown voltage will vary with the first power of the 
thickness for one range of thickness and with the two-thirds 
power for another range of thickness. 


Also, in one region of breakdown, it is not likely that the 
breakdown voltage of glass will vary in some direct manner with 
the SiO. content for certain values of temperature and thickness 
and not follow this same relation for other values. 


In closing it may be of interest to some to know that at the 
present time work is in progress in Cambridge for the purpose 
of determining these same relations under alternating stresses 
of 60-eycle frequency. 


It is hoped that these results will contribute something to this 
perplexing problem of dielectric breakdown. 
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Synopsis.—This is the third report to be presented before the 
Institute of the research investigation of ionization phenomena in 
paper-insulated, high-voltage cables, which is being conducted at the 
Harvard Engineering School under the auspices of the Impregnated 
Paper-Insulated Cable Research Committee. This paper is a 
report of progress and will be followed by further reports as the work 
continues. 

The total power dissipated in impregnated-paper insulation may 
be separated by the graphical method into the component dissipated 
in the solid dielectric and that dissipated in the ionized gas films, 
and also may be separated analytically into these two components by 
selecting three suitable points on the power curve. This separation 
gives the three characteristic cable constants. 

When the power curve of a cable is analyzed into its two com- 
ponents, the ionization-power curve itself should be a straight line. 
Frequently, however, the ionization-power curve is concaved upwards. 
This is probably due to the non-linear characteristic of power loss 
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caused by longitudinal and tangential stresses. Hence, it may be 
assumed when the ionization-power curve is concaved upwards, that 
longitudinal and tangential stresses exist within the cable. This 
theory is substantiated by investigations with cable models. 

The value of the maximum power factor and of the voltage at which 
it occurs are shown to be very simple functions of the three characteris- 
tic cable constants. With a considerable number of cables,the 
calculated and the experimental values of these quantities are in 
close agreement. 

The fact that the maximum power factor is independent of gas 
pressure, determined experimentally by E. S. Lee, is verified 
both experimentally and analytically. It is also shown that the gen- 
eral shape of the power-factor curve, which increases to a maximum 
and then decreases more slowly, is due to the combination of an 
invariable solid dielectric in series with ionized gas films whose 


electrical characteristics vary with the current density. 
* * * * * 


INTRODUCTION 


N the paper preceding this one,! it was shown that at 
room temperature the total power loss in a cable in 
which ionization exists may be analyzed into two 

components, the loss in the solid dielectric and the loss 
in the ionized gas films. This analysis is based on the 
fact that at room temperature the loss in the solid 
dielectric varies as the square of the voltage or as a con- 
stant power of the voltage, and incidentally that the 
relationship between ionization power and voltage is a 
linear one. It also assumed that the cable current is 
proportional to voltage, that is the variation of capac- 
itance with voltage is small. 

Under these conditions the equation giving the total 

power loss in such a composite dielectric becomes 

P=KE?+ K, (E—- E,)) watts (1) 
where E is the voltage, K is the solid-dielectric-loss co- 
efficient, K, is the ionization-loss coefficient, and HE) is 
the constant which gives the intercept of the ionization- 
power curve with the voltage axis. The constants 
K, K,, and E,) are called the three characteristic cable 
constants. 

The first term in (1) gives the power loss in the solid 

dielectric and the second term gives the loss in the 
ionized gas films. 


ANALYTICAL METHOD OF DETERMINING 
CHARACTERISTIC CABLE CONSTANTS 


In the preceding paper! a graphical method was em- 
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ployed to separate the total loss in the cable into its two 
components. It is possible, however, to determine the 
three characteristic cable constants, K, Ki, and Ko, 
and hence to separate the losses, by substituting ap- 
propriate values of the variables P and EH in Equation 
(1). These values are ordinarily obtained from the 
power curve. For example, in Fig. 1 are shown the 
power-factor curve P. F. and the power curve P plotted 
as functions of voltage E. Corresponding values of P 
and E, for substitution in Equation (1), may be ob- 
tained from such a power curve. In obtaining these 
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values from the power curve it must be remembered 
that practically, Equation (1) is not a continuous 
function. For values of E' which are less than E,, the 
ionization voltage, the ionization loss is zero, and the 
second term vanishes. Hence, the second term cannot 
be used with values of E' less than E,. By taking a 
value of power P; at a voltage E,, Fig. 1, well below E,, 
the constant K is readily found from the first term of 
Equation (1). The value of EH, is less than Eo, the 
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intercept of the ionization-power curve P; with the volt- 
ageaxis. This isillustrated in Fig. 1. 

Again, the graph of ionization power does not become 
a straight line until all the gas films throughout the 
dielectric have become ionized. That is, the curved 
portion a 6 of the curve a b ¢, Fig. 1, is due to the succes- 
sive ionization of the gas films from the conductor out- 
wards. (See Bibliography 1, Fig. 11.) Practically, 
Equation (1) is not applicable for values of H between 
E, and E», Fig. 1. Thus, to determine constants K, 
and EH), two points on the total power curve P should 
be chosen for voltages which are well above voltage E., 
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such as points P; and P, corresponding to voltages EF; 
and E;. This gives two simultaneous equations, from 
which E, and K, are readily determined. This method 
was used in conjunction with the graphical one to com- 
pute values in Table II. 


LOSSES DUE TO LONGITUDINAL AND ‘TANGENTIAL 
STRESSES 


Careful tests of gas films! have shown that, except at 
very high current densities, ionization loss in such films 
is a linear function of the voltage, (also see Fig. 5). 
Furthermore, similar linear functions are obtained with 
glass cable models in which no longitudinal or tangential 
stresses can exist. (See Figs. 20B and 22, Bibliography 
1.) At times, however, it is found in cables that the 
P-curve shows a tendency to be concaved upwards. 
Fig. 2 shows the power and power-factor curves for a 
10-ft. length of cable having a cross-section of 600,000 
cir. mils and a 6/32 in. (4.76 mm.) wall of impregnated- 
paper insulation. These curves were obtained after 
the cable had been on life test for 282 hr. at 42.5 kv., 
corresponding to an average stress in the dielectric of 
225 volts per mil. (The operating voltage of this cable 
would be approximately 7000 volts.) Also, the ioniza- 
tion-power curve P; for this cable is shown, this curve 
being obtained by the methods of analysis just described. 
It will be noted that this curve, instead of becoming lin- 
ear ultimately as does the P;-curve in Fig. 1, isdistinctly 
concaved upwards over its entire length. This effect was 
also noted by W. V. King? in single-phase tests made by 
him with three-conductor cables. The authors first 


DAWES AND HUMPHRIES: PAPER INSULATED CABLES—III 


767 


attributed this effect to heating during test, which would 
increase the loss in the solid dielectric and cause the 
P-curve to be concaved upwards after the solid dielec- 
tric power had been deducted from the curve of total 
power. Careful tests did show that temperature might 
affect the shape of the curve to a very small extent. 
However, when tests were so conducted that the effect 
of temperature was eliminated, P;-curves having the ten- 
dency to be concaved upwards were still obtained with 
certain cables. In the discussion at the last Winter Con- 
vention, the authors suggested that this effect with the 
three-conductor cable might be due to.losses caused by 
tangential stresses. Losses caused by creepage currents 
resulting from stresses which are either longitudinal or 
tangential to the insulating surfaces might very well 
increase faster than the linear law. 


In order to investigate this effect, two cable models 
were made. Impregnated-paper insulation was used 
with both models. Model 14 consisted of a cylindrical 
brass tube, 0.5 in. (1.27 em.) diameter, wound with 36 
layers of impregnated-paper tapes having a width of 
0.75 in. (1.905 em.). Fourteen tapes were wound in 
one direction, 14 in the reverse direction, then 4 tapes 
in the original direction and 4 again in the reverse 
direction. ‘The tapes were wound with considerable 
space between their butt edges as is indicated in Fig. 3, 
which is not drawn to scale. In order to accentuate the 
voids within the insulation, 2 tapes, one superposed on 
the other, were wound simultaneously, thus making 
the radial thickness of the voids equal to twice the 
thickness of a single tape. It has already been shown 
that such spaces between the butt edges of the tapes 
produce longitudinal stresses. That is, after ionization 
begins, the voltage across P P’ becomes nearly constant 
and may actually decrease with large current densities, 
while the voltage across Q Q’ always increases propor- ~ 


Fic. 3—LonerrupINaL STRESSES IN CABLE INSULATION 


tionately to the applied voltage. Hence, longitudinal 
stresses are produced between QP and Q’ P’ (see 
Fig. 25, Bibliography 3). The outer electrode con- 
sisted of tin foil wound tightly about the paper tapes 
and cuts were made at the ends to provide guard rings. 
The over-all length of the model was 21 in. (53.4 em.) 
and the active length inside of guard rings was 15 in. 
(38.1 em.). Fig. 4 shows the ionization (P;) curve for 
this cable model 1A at atmospheric pressure. It will 
be observed that this curve concaves upwards through- 
out its entire length. 

The tangential losses in this cable model are un- 
doubtedly considerable, but in order to impart ap- 
preciable curvature to the P;-curve, they must be very 
large in comparison with the ionization-power loss. 
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Although the application of a straight edge to large- 
scale plots of Fig. 4 shows distinctly that this graph is 
curved throughout its entire length, a more sensitive 
criterion and a qualitative idea of the degree of curva- 
ture can be obtained by plotting the curves on logarith- 
mic paper. This is done in Fig. 7, (see curve I), the 
origin being taken at the ionization voltage E,, Fig. 4. 
Since the logarithmic plot of Fig. 4 is a straight line 


Fig. 4—Ionization-PowrR CurvES FoR CaBLE MopeL witH 
LONGITUDINAL STRESSES 


having a slope of 1.88, the power curve, Fig. 4, must 
increase as the 1.83 power of the voltage in excess of E,. 
Moreover, if the curve, Fig. 4, showed even a slight 
tendency to become linear towards its upper end, the 
logarithmic curve would show a pronounced tendency 
to bend downwards at its upper end. Curve I, Fig. 7, 
shows no such tendency. 


Cable Model 2 was approximately the same size as 
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Cable Model 14. In order that longitudinal and tan- 
gential stresses might be practically eliminated, it was 
wrapped with a continuous sheet of impregnated paper, 
rather than wound with paper tapes. Obviously, 
considerable air was occluded during the wrapping, as 
was intended, so that the ionization losses were large. 
The diameter of the center cylindrical conductor was 
0.5 in. (1.27 em.) and the paper was wound to a thick- 
ness of 0.225 in. (0.572 cm.). An outer wrapping of 
tin foil with suitable cuts formed the outer electrode and 
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the guard rings. The total length was 27 in. (68.6 cm.) 
and the effective length was 15 in. (88.1 cm.).. It was 
possible to place this model in the iron dome described 
in Bibliography 1, Fig. 1, so that tests at different 
pressures could be made. 

Fig. 5 shows the ionization-power (P;) curves for this 
model, taken at three different air pressures, 769, 589, 
and 420 mm., respectively. An examination of these 
curves shows that their lower portions are curved, being 
concaved upwards, due to the successive ionization 
outwards of the gas films. When such ionization is 
completed throughout the model, however, the graphs 
all become straight lines. This effect should be dis- 
tinguished from that of Fig. 4, in which the graph is 
concaved upwards throughout its entire length. 

Although a straight edge shows that the upper por- 
tions of these three graphs are straight lines, the upper 
portions of the three curves, Fig. 5, are also plotted 
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logarithmically in Fig. 7, (curves II) in order to deter- 
mine if any tendency to curvature exists. The values 
of voltage used are those in excess of Hy. The resulting 
graphs are straight lines having a slope of unity, showing 
that the power-voltage relationship in this cable model 
becomes linear. 

In order to investigate tangential stressess till further, 
and also to verify the tests of W. V. King, a power- 
voltage test was made.on a three-conductor belted 
type cable between one conductor which was at high 
voltage and the other two conductors which were at low 
voltage. The sheath was grounded. It is well known 
that high tangential stresses exist under these condi- 
tions and if the theory of tangential losses is correct, 
the ionization-power curve should be concaved up- 
wards. Fig. 6 shows this curve (P;) and it is obvious 
that it does have the predicted curvature. In order to 
determine its exponential law and also to test for any 
tendency of the curve to become linear, this curve is 
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plotted on logarithmic paper, Fig. 7, (curve Li, The 
abscissas are voltages in excess of the ionization volt- 
age H,. The logarithmic graph for this curve is also a 
straight line having a slope of 3.2, showing that under 
these conditions, the combined ionization power and 
tangential losses increase as the 3.2 power of the voltage 
in excess of E,. Moreover, this logarithmic curve 
shows no tendency to bend downwards at its upper end. 
This shows that over the range of the curve, Fig. 6, no 
tendency to become linear exists, but that the curve is 
concaved upwards over its entire length. 

Hence, it would seem that the curvature upwards of 
the ionization-power curve of a cable should give some 
indication of the degree of the longitudinal and tan- 
gential stresses which exist within the cable. 


POWER-FACTOR CURVES 


It is now well known that when solid dielectric is in 
series with ionized gas films, the power factor first 
increases rapidly with voltage, reaches a maximum, 
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and then decreases. Mathematically, the power factor 
approaches that of the solid dielectric as a limit, but 
with most dielectrics the stress in the solid dielectric 
exceeds its rupturing value long before this limit is 
reached (see Fig. 23—Bibliography 1). When the 
maximum power factor is reached, many interesting 
relationships are found to exist among cable quantities. 

In previous papers,!* the increasing and decreasing 
characteristic of the power-factor curve was explained 
analytically from two different points of view; first, that 
at constant frequency and temperature the voltage 
across the solid dielectric is always proportional to the 
current, whereas the voltage across the ionized gas 
film becomes constant after it reaches some definite 
value, (see Equation (5) in Bibliography 3); and second, 
that the power-voltage relationship in the solid dielec- 
tric is given by a parabola and the power-voltage re- 
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lationship in the ionized gas films is a linear one, such as 
is given in Equation (1). Under these conditions the 
equation for power factor becomes, 


K BE? + K, (E— E)) 
E?C w 


| a (2) 
where C is the capacitance in farads and w is 2 7 times 
the frequency in cycles per second, (see Equation (12), 
et seq. in Bibliography 1). 

At the present time this equation for power factor is 
the more useful, since each term in the equation is a 
known function of voltage. 


Since the two foregoing papers were presented, the 
authors have had opportunity to investigate further the 
application of the various equations toa considerably 
greater number of cable samples and thus to determine 
their accuracy and applicability. 

The maximum power factor may be found by dif- 
ferentiating Equation (2) with respect to voltage and 
equating the first differential coefficient to zero, (see 
Equation (11) in Bibliography 1). Under these condi- 
tions, the equation from which the voltage EL, at 
maximum power factor may be derived is 


E?C(2KE+4 Ki)- [(KE?+ K, (E— E,) | 


[2ce+m—tz |-0 (3) 


dC 
If the term EH? 


dB within the last bracket, which is 


proportional to the rate of change of capacitance with 
voltage, becomes zero, the voltage at maximum power 
factor becomes, 

Ein == 2 EK 0 


a very simple relationship. 

It is known, however, that with ionized gas films, the 
capacitance increases continuously with increase in 
voltage. Hence, the term EH?dC/dE cannot equal 
zero. However, if this term is small compared with the 
term 2 CE, Equation (4) is approximately true. 
Since E is a common factor of each term, the same 
result is obtained if HE d C/d E is small compared with 
2C. The change of capacitance of a cable with voltage 
is very small. Computations with values obtained from 
actual cables were necessary, however, to determine the 
relative magnitudes of 2C and EdC/dH. ‘The value 
of dC/d E was determined graphically by finding the 
slope of the capacitance-voltage curve at or very near 
the voltage corresponding to maximum power factor. 

The results of these computations for cable samples 
having varying degrees of ionization are given in 
Table I. These samples, selected from the large 
number which we have already tested, are representa- 
tive in that they show small, intermediate, and large 
degrees of ionization. 
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TABLE I 
Ratio 
E at Cap. dC ac 
Cable | Copper Wall max. per ft. E TE E TE /2C 
No. cir. mils in. PRS levicl aioe. 
14 500,000 3/16 25.0 113.8 |1.00 x 10-"] 0.0044 
12 500,000 | 16/64 27.5 120.3 |1.88 X 10-4} 0.0057 
19 300,000 6/32 29.0 126.8 |1.84 x 10-”]| 0.0073 
17 300,000 6/32 29.0 1177 WS.60 SC1042)| FO-0153 
00 9/32 47.0 48.6 !3.53 X 10-1 0.0363 


It will be observed that with cables having little 
Badd) 
aaah Ghee 


less than one-half of one per cent. With the last 
cable, which has the highest degree of ionization of the 
large number that have been investigated, this ratio is 
less than four per cent. In view of the fact that im- 
pregnated-paper insulation is somewhat unstable, 
making precise calculation of its electrical characteris- 
tics almost impossible, even this ratio of four per cent 
may be considered negligible. Hence, for any practical 
purpose, the last term in Equation (3) may be neglected 
and Hi, = 2 E>. 

Substituting this value of H,, in (2) gives the maxi- 
mum power factor. 


ionization, such as Cable 14, the ratio 
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The maximum power factor is the sum of two terms, 
one of which is proportional to the solid dielectric-loss 
coefficient K and the other is proportional to the ioniza- 
tion-loss coefficient Ki. 

A considerable number of cables has been studied 
with reference to their maximum power factors, the 
voltages at which maximum power factor occurs, and 
the corresponding voltage gradients. The results of 
this study are tabulated in Table II. 

With the exception of the first two, the cables in 
Table II were sent to us by a public utility for the pur- 
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pose of making life tests, and they are representative of 
several manufacturers. The results which are pre- 
sented are taken indiscriminately from this set of cables 
as the consecutive numbers indicate. If several dif- 
ferent tests on the same cable showed considerable 
change as the life tests progressed, these tests showing 
such change are given. For example, Cable 25 showed 
very little change from Test 1 until after Test 16 was 
completed, whereas Cable 21 showed marked progres- 
sive change in consecutive Tests 2, 3, and 4. 

A study of the columns giving the maximum power 
factor and the voltage at which maximum power factor 
occurs shows, with one or two exceptions, remarkable 
agreement between observed and computed values, 
particularly when it is considered that the dielectric 
properties of impregnated paper are not generally 
susceptible to accurate quantitative analysis. It 
appears, therefore, if the three characteristic cable 
constants and the capacitance be known that it becomes 
a comparatively simple matter to determine the maxi- 
mum value of power factor of a cable and the voltage 
at which this maximum value occurs. 


POWER-FACTOR CURVES AND PRESSURE 


The effect of pressure on the power-factor curves of a 
cable has been shown by E. S. Lee in a paper‘ pre- 
sented in Paris at a meeting of the International Con- 
gress on Large Electric Systems. Two sets of these 
curves were reproduced by G. B. Shanklin and G. M. J. 
Mackay in a recent paper.®> The sheath of an impreg- 
nated-paper cable was replaced by a brass tube, a uni- 
form space of 0.120 in. (3.048 mm.) being left between 
the outer surface of the paper and the tube. This left 
an artificial void of much greater volume than occurs 
in ordinary cables. Hence, the ionization effects in the 
cable were accentuated. The ends of the sample were 
cealed, which permitted control of the pressure, and 
tests were conducted from atmospheric pressure to very 
low pressures. 


TABLE II 
POWER FACTOR PROPERTIES OF CABLES 


Cross 
Test Section Wall Eo K Ky *Cm 
Cable No. | cir. mils in. kv. (xX 101%)} (x 105)| MHF 
A 1 500,000 | 16/64 18.0 1.62 8.8 111.5 
12 1 500,000 | 16/64 12.5 a ie 8 
17 3 300,000 | 6/32 14.0 i. 2. ote 
4 12.0 De 3. 3 
19 2 300,000 6/32 14.0 G2. ke 8 
3 14.0 on i 38 
20 2 300,000 6/32 16.5 Ae 0. 38, 
3 17.0 me 0. 18 
5 16.5 By, 0. 0 
2 300,000} 6/32 15.0 A; 0. 4 
3 18.0 de 0. 6 
4 19.2 Dy 0. 8 
1 600,000} 6/32 25.0 is S: 5 
4 18.0 oy ah 9 
1 600,000 | 6/32 18.0 if. 3: 8 
4 18.0 ae Di 6 
1 600,000 | 6/32 19.0 Die ‘1, 8 
16 0 ios Pa 6 


*Cm = capacitance at maximum power factor. 
+Average gradient at maximum power factor—volts per mil. 
The operating voltage of Cables A and 12 is 10 kv. to ground; the operating voltage of the other cables is approximately 7 kv. to ground. 


TG; Max. P. F., Per Cent| Kv. at Max. P. F. 


Ogle dae Cie computed | observed |computed | observed 


.0291 -30 36 
-0057 -06 
-0145 -90 
.0163 17 
.0068 14 
-0043 85 
.0014 
.0013 
- 0022 
0035 
. 0022 
.0022 
- 0056 
.0058 
.0077 
.0059 
-0027 
.0055 
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Two of the power-factor curves obtained with this 
sample are reproduced by curves A; and B, in Fig. 8. 
Curve A, was obtained at 760 mm. pressure and curve 
B, was obtained at 200 mm. pressure. Curves taken at 
several other pressures are given in the original papers, 
but these are chosen as being representative and also 
because we happen to have air-film data taken near 
these two pressures. It will be noted that as is usual 
after ionization begins, both curves attain rapidly a 
maximum value and then decrease more gradually with 
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continued increase in voltage. Furthermore, both 
curves have the same maximum value. In the original 
papers, the several curves obtained at other pressures all 
have the same general characteristic asisshown by curves 
A,and B;. Moreover, all curves reach the same max- 
imum power factor. Hence, it appears that the maxi- 
mum power factor is independent of the gas pressure 
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within the cable. The authors have also found experi- 
mentally that this is approximately true. For example, 
cable model 2 and a cable model 1, similar to cable model 
1A, were tested at three different air pressures. Where it 
was possible to carry the voltage to a sufficiently high 
value to obtain maximum power factor, the maximum 
power factors were all very nearly equal. This is 
shown in Fig. 9, which gives the power-factor curves 
for model 1. 

Shanklin and Mackay attribute the ultimate de- 
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scending portion of these power-factor curves to the 
fact that the voltage-ampere characteristic of the 
ionized gas space has a negative slope; that is, the 
voltage-ampere characteristic of the gas space be- 
comes an are characteristic. (See Bibliography 6, p. 
358.) Although some cables now in service do operate 
at current densities sufficiently high to make the 
voltage-ampere characteristic of the gas film within 
the insulation attain slight negative slopes at some 
pressures, this is not true of the gas space in the 
cable on which Lee conducted his experiments. Com- 
putations show that in his experiments, the maxi- 
mum current density attained in the air space was 3.5 
microamperes per sq. cm. Fig. 10 shows the voltage- 
ampere characteristics of a 1.62 mm. air film for five 
different pressures, one at atmospheric pressure, one at 
a pressure greater than atmospheric, and three at 
pressures less than atmospheric. These curves were 
obtained in our laboratories under carefully controlled 
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conditions. It will be noted that, except at the pres- 
sure of 200 mm., the slope of all the voltage-ampere 
characteristics is decidedly positive up to the current 
density of 3.5 microamperes per sq. cm. Moreover, the 
current densities at the maximum power factor for 
curves B,; and A, Fig. 8, are only 0.7 and 1.6 micro- 
amperes per sq. cm. respectively. Hence, the explana- 
tion by Shanklin and Mackay of the foregoing power- 
factor curves as being due to the negative voltage- 
ampere characteristic of the gas space does not appear 
to be adequate. The character of such power-factor 
curves is due merely to the combined effect of an in- 
variable solid dielectric in series with an ionized gaseous 
medium, the slope of whose voltage-ampere characteris- 
tic merely decreases with increase in current density. 
Moreover, using electrical data obtained experimentally 
in our laboratories with ionized gas films and employing 
the dimensions of the cable given in the Shanklin and 
Mackay paper, we have been able to compute power- 
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factor curves for the two pressures of 760 mm. and 
200 mm., corresponding to those for curves A; and B, 
in Fig. 8. It was assumed that the dielectric constant 
for the solid dielectric was 3 and the power factor was 
0.006 and constant. The computations are based on 
the cylindrical solid dielectric being in series with an 
ionized air film. The results of these computations are 
plotted and are shown by curves A» and By», Fig. 8. 
Although, quantitatively, these computed curves have 
ordinates approximately 65 per cent greater than those 
obtained experimentally by Lee, their general charac- 
teristics are identical, and the maximum values for each 
of the two pressures occur very nearly at the same 
values of the voltage, as do the curves obtained by Lee. 
The numerical discrepancy is undoubtedly due to the 
fact that our data were taken for dry air, whereas in the 
actual cable the voids contained some vapors and gases 
other than air, evolved from the impregnating com- 
pound. Also, our assumptions may not have been 
absolutely correct. Furthermore, with the tests made 
on the cable, it was probably not possible experi- 
mentally to maintain the void at a uniform thickness 
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throughout the entire length of the cable. In any 
event, the remarkable agreement in the character of 
the curves does show, we believe, that the negative 
slope attained by the power-factor curve at the higher 
current densities does not necessarily depend on the gas 
films having negative voltage-ampere characteristics. 

A much more definite relationship of the power-factor 
curves of a series combination of solid dielectric and 
ionized gas film to the voltage-gradient curves across 
the air films is shown in Fig. 11. These curves show 
the power-factor curves of the combination of the air 
film, whose characteristics are given in Fig. 10, and 
a slab of glass 4.99 mm. (0.1965 in.) thick in series. 
Since both Fig. 10 and Fig. 11 have the same scale of 
microamperes as abscissas, it becomes a simple matter 
to compare the two sets of curves. It will be observed 
that at every pressure, the power-factor curves attain 
negative slopes at current densities corresponding to 
positive slopes of the corresponding voltage-ampere 
characteristic of the gas films. 

Hence, it seems almost certain that the character of 
the power-factor curves, such as are given in Fig. 8, 
is due primarily to the invariable electrical character 
of the solid dielectric and the discrete electrical charac- 
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teristics of the gas films combining in series, rather than 
particularly to the negative slope which the voltage- 
ampere characteristics of the gas films may attain at 
high current densities. 


CONCLUSIONS 


1. The three characteristic cable constants K, K,, 
and EF, are very readily determined analytically as well 
as graphically. 

2. Although the relation of ionization loss to voltage 
is a linear one, the loss due to longitudinal and tangen- 
tial stresses increases more rapidly than the voltage. 

3. Itisasimple matter to calculate with a fair degree 
of accuracy the maximum power factor of a cable and 
the voltage at which it occurs. The maximum power 
factor is the sum of two terms, one proportional to 
the solid-dielectric-loss coefficient, and the other pro- 
portional to the ionization-loss coefficient. 

4. Data obtained with actual cables show that calcu- 
lated values of maximum power factor and the voltage 
at which they occur agree closely with values determined 
experimentally. 

5. The maximum power factor is almost indepen- 
dent of the pressure within a cable. 

6. The decreasing portion of the power-factor 
curve, occurring after the maximum value is reached, is 
due to the combination of the electrical characteristics 
of a solid dielectric and ionized gas films in series, and 
not essentially to the negative voltage-ampere charac- 
teristic of ionized gas films. 

The authors are indebted to the New York Edison 
Company, who, through the courtesy of Mr. Carroll H. 
Shaw, submitted most of the cable samples used in our 
tests; to Professor H. E. Clifford of the Harvard Engi- 
neering School and members of the Impregnated- 
Paper Cable Research Committee for their suggestions 
in the preparation of the paper; and to Messrs. V. 
Thiemann and William M. Goodhue, graduate students 
in the Harvard Engineering School, for some of the 
experimental data which have been given in the paper. 
Thanks are likewise due to the Simplex Wire and Cable 
Company for the use of its laboratories in conducting 
many of the cable tests, the results of which are given in 
the paper. 
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Discussion 


T. F. Peterson: Professor Dawes has spoken of the by-pass 
filters encountered when his paper was reviewed. I have been 
working theoretically, along lines more or less parallel with those 
followed by Professor Dawes in the laboratory. Although the 
results of some of my mathematical considerations of ionization 
in insulation containing gases have been presented previously, 
T think that the intimate bearing which they have on the subject 
at hand will warrant their repetition and amplification at this 
time. 

The second term of the expression in Equation (2) is the value 
of the increase in power factor due to the losses in air spaces. 
It is obtained without consideration of the progressive ionization 
from the conductor to the surface of the sheath. The equation 
which I have derived assuming equally sized void spaces and 
progressive spreading of ionization from the conductor to the 
outer surface of insulation can be reduced to 


Tv a E EK a 
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In this the value of EZ corresponding to Ey; is the voltage at which 
ionization takes place at the conductor surface. This equation 
holds until ZH = Eg. at which all voids are ionized, is reached. 
Then the power factor increase is equal to 


Shs ecliotl Gael 


In Fig. 1 herewith these equations are plotted. The striking 
similarity to the power factor curves obtained practically is at once 


POWER FACTOR INCREASE 


igi al 


It is believed that these equations are somewhat more 
exact than those of Professor Dawes. They confirm, in a 
measure, some of the assertions made in the paper. In the first 
place the negative slope of the right hand portion of the power 
factor curve is obtained without the introduction of, or the need 
for, consideration of the arcing characteristics of gas spaces. 
Indeed, the equations given above are based on the assumption 
of an equal gradient throughout the void spaces at all current 
densities. The flat characteristics of the curves in Fig. 10 serve 
to justify these assumptions. The negative slope is therefore 
pretty well established. 


evident. 


DAWES AND HUMPHRIES: PAPER INSULATED CABLES—III 


773 


Furthermore, it is quite easily shown that changing the pres- 
sure within the cable merely shifts this power factor curve in a 
horizontal direction and at the same time the maximum value 
is not changed appreciably. This checks the curves of Fig. 9. 
It is not to be construed, however, that the loss does not change 
with pressure. The power factor may be the same, that is, the 
maximum power factor, but this occurs at lower voltages, the 
lower the pressure and hence the actual power loss will be lower. 

I cite these points in order to substantiate a criticism which 
I wish to offer. Equation (2) is admittedly approximate over a 
certain range. On the second page of the paper, in the first 
paragraph, it is pointed out that the equation does not apply 
between EH, and #, of Fig. 1. Turning now to Fig. 1, it will be 
observed that EH. is approximately 10 kilovolts and EH, is 27 
kilovolts. 

Referring now to the power factor curve, it is seen that the 
equation does not apply for the portion of the curve which, to 
say the least, is very interesting and really constitutes an im- 
portant part of the curve. It is assumed that the first part of 
the power factor curve is flat and, if the equation does not hold 
between the points H2 and O voltage, its actual worth may be 
questioned. The same comments apply to Fig. 2. 


In commenting on the figures in the table at the bottom of 
the fifth page, the authors compliment themselves, or at least 
indicate a degree of satisfaction, at the agreement between the 
computed and observed values for the maximum power factor 
and voltage at which this occurs. Going back to the point 
previously raised as to the portion of the curve for which the 
equations hold, it should be noted that in getting the constants 
K, and £, it is necessary to take points from the initial power 
factor curve. On the second page of the report it is indicated 
that these constants must be obtained using a value of # con- 
siderably greater than EH». In other words the portion of the 
curve very close to the maximum value of power factor is used 
in determining the constants for the equation. If, then, the 
equation containing constants obtained in this manner is dif- 
ferentiated in order to determine the maximum power factor and 
voltage at which this occurs, it is not surprising that agreement 
between computed and observed values will be very close. 


D. W. Roper: Professor Dawes in his paper refers to the 
Impregnated Paper Insulated Research Committee. This 
committee has supervised a number of research investigations 
at three colleges during the past nine years. The financial 
support was obtained from the N. E. L. A. and the Association 
of Edison Illuminating Companies. The A. I. E. E. has not 
contributed financially to these investigations, but it has co- 
operated by appointing this committee as a subcommittee of the 
appropriate committee of the A. I. E. E. The chairman of one 
of these committees recently asked for a statement concerning 
the value of these research investigations. Ordinarily it is 
impossible to answer such a question directly, but in connection 
with one of the investigations a method has been found of caleu- 
lating the value of the information obtained in a very simple way. 


About nine or ten years ago, in discussing cable speci- 
fications, the representatives of the manufacturers and the 
operating companies were unable to agree, and the maximum 
temperature formula 85 deg. cent. minus # (where HE is the 
operating voltage in kv.) was adopted as a compromise. It was 
further agreed that it was desirable to obtain, by test, informa- 
tion which could be used as a basis for further discussion. These 
investigations to determine the maximum permissible operating 
temperature of impregnated paper insulation were conducted 
at the Massachusetts Institute of Technology, and the findings 
permit an increased rating of the cables. 


The reports which are made to the A. EK. I. C. include a state- 
ment of the number of feet of cable inspected by one reporting 
agency, the cable being classified according to voltage. Taking 
these figures as a basis and calculating the increased value of 
the installed cable due to the increase in the maximum permissible 
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operating temperature, we find in a recent year that the total 
inerease in value is about $70,000. The total cost to the 
N. E. L. A. and A. E. I. C. of the investigations at M. I. T. is 
about $18,000. The cost of the M. I. T. research to the industry 
is, therefore, being returned to the industry about four times 
per year. ; 

J. B. Whitehead: Reading this paper one would assume that 
the authors attribute to the presence of ionization anything in 
the nature of a rising power factor voltage curve. The paper 
dwells so particularly on the constancy and fixity of the losses 
in the solid dielectric as related to those due to ionization, that 
I venture to call attention to the rising power factor curves often 
found in materials in which there is no air and no gaseous ioniza- 
tion, and also to the occurrence of maxima in their power factor 
voltage curves. 

In particular in our paper today we show that in one sample 
of oil the relation between the continuous current and voltage 
is not a linear one. There is a definite relation between loss and 
this current as it is observed on the oscillograph, and in those 
circumstances, under alternating stress we have a rising power 
factor curve. It is quite possible to observe such rising power 
factor curves in studies on oil. The rise is not very rapid but 
it is distinctly a rising curve and it is especially noticeable in 
oil which has deteriorated. : 

Moreover, in the ease of the power voltage of voltage curve of 
carefully impregnated paper insulation, at sufficiently high stress, 
the power factor goes up extremely rapidly. These are instances 
in which we have rising power factor curves which are in no sense 
due to the presence of air but to the presence of an anomalous 
conductivity which does not obey Ohm’s law. 

Then, as to the maximum, some of the curves which I have 
presented under a research supported by the N. E. L. A., for 
carefully impregnated paper insulation at ordinary temperature 
20 to 40 deg., show remarkably fiat curves. Then as the tem- 
perature is carried to higher values we get curves with definite 
maxima, so that at 80 deg. we have descending power factor 
curves of very marked characteristics. 


The maxima rarely was above one per cent power factor, 
while the maxima in the curves presented by Professor Dawes 
are of the order of 15 or 20 per cent. -So we have here a quite 
different type of phenomenon. We have attributed our maxima 
to the fact that the conductivity of carefully impregnated paper 
insulation is extremely limited in its value, and that with in- 
creasing stress there is a tendency to a saturation condition; 
as we go higher in voltage the capacity current increases and so 
we have a descending power factor curve. The mobility of the 
ions is greater at high temperatures, consequently the phenomenon 
comes out more definitely under the increased conductivity 
associated with higher temperatures. 


C. L. Dawes and P. H. Humphries: Mr. Peterson states that 
in our power-factor equation (2) no consideration is given to the 
progressive ionization out from the conductor to the sheath, and 
offers the further criticism that this equation therefore does 
not apply between points #, and H;in Fig. 1. The power factor 
in this region is a function of the distribution of the voids through- 
out the dielectric. We have already derived the equation for 
this portion of the curve, based on the uniform distribution of the 
voids throughout the insulation. Since the voids as a rule are 
not so distributed we have refrained from drawing definite 
conclusions until we have given the matter more study, both 
theoretically and experimentally. For example, the character- 
isties of the cables given in Figs. 12 and 13 of last year’s paper 
(Bibliography 1) show that the ionization is almost spontaneous. 
This indicates that most of the void space is concentrated at 
one radius. Furthermore, study of a large number of cables 
shows no constant value of voltage gradient at the surface of the 
conductor at the beginning of ionization. If the voids were 
uniformly distributed throughout the insulation, then at constant 
pressure, this gradient would be constant. 
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Moreover, it is usually possible to determine the lower portion 
of the power-factor curve experimentally, so that an equation 
for it is not highly essential. On the other hand, those portions 
of the curve which correspond to high voltages frequently cannot 
be determined experimentally, owing to the limiting dielectric 
strength of the cable. Hence, it is particularly desirable to be 
able to express such portions of the power-factor curve analyti- 
cally and our Equation (2) is particularly applicable to such 
portions of the curve. Mr. Peterson further states at the be- 
ginning of his discussion that his equation is theoretical only. 
Later he states that his equation is more exact than ours. His 
equation is derived in the A. I. E. EH. Trans., Vol. 47, July 1928, 
p. 741. He assumes that the voids are distributed uniformly 
throughout the insulation. This assumption is correct only 
occasionally. He further assumes that the ratio of the dielectric 
constant of the air voids is always unity and is constant. This 
assumption is grossly in error. It is well known that the dielec- 
tric constant of ionized air is greater than unity and is variable; 
it may go as high as 4 when the air film is considered as a resis- 
tance and capacitance in parallel as Mr. Peterson has done in the 
derivation of his equation. Hence his equation must be funda- 
mentally incorrect. Our equation does not assume that the gas 
films are distributed uniformly throughout the insulation but 
takes into consideration their distribution as it actually occurs. 
Our equation is not based on the variable and unknown dielectric 
constant of the ionized gas films but on the known variation of the 
power with current density. Moreover, our equation has been 
verified by application to a considerable number of curves deter- 
mined experimentally, and the laws of power loss and current 
density in the gas films have been verified many times in cables 
and in segregated gas films. 

Mr. Peterson also states that the constants K, and > are 
obtained from the initial experimental power-factor curve. Mr. 
Peterson again is wrong. Had he read the paper carefully, he 
would have seen that these constants are not obtained from the 
power-factor curve at all. Our power-factor equation is based 
on the fact that the total power dissipated in the dielectric 
can be analyzed into two components, the power lost in the solid 
dielectric and that lost in ionization. The fact that experi- 
mental and calculated power-factor curves are in substantial 
agreement is indicative at least that our assumptions are ap- 
proximately correct. 

Mr. Peterson’s further criticism is that the constants K, 
and EH, are obtained from the power-factor curve near its maxi- 
mum value, and then substituted into Equation (2). Again 
he is mistaken. These constants are obtained from two power 
curves, a linear one and an exponential one, which is linear 
when plotted on logarithmic paper. One constant K, is the slope 
of one linear power curve; the second constant Fy is its inter- 
cept with the voltage axis, and the third constant. K is the ex- 
ponent of an exponential power curve which is merely the slope 
of a linear logarithmic curve. The slope of two straight lines 
and an intercept on the voltage axis obviously are not quantities 
obtained at the maximum point of the power-factor curve. 


With these low-voltage cables, it was possible to carry the 
voltages to values which were sufficiently high to give maximum 
power factor and beyond. Opportunity is thus offered to 
verify the accuracy of our power-factor equation and the theory 
underlying its derivation. As has already been stated, with the 
higher-voltage cables it is not always possible to carry the volt- 
age to the high values necessary to obtain maximum power 
factor. With our equation, the maximum values of power factor 
and the voltages at which they occur can be determined with a 
fair degree of accuracy, merely by substituting quantities in 
relatively simple equations. 

Mr. Roper’s statements as to the monetary value which results 
from pure research are very pertinent. Many of our most 
valuable inventions have resulted from research pursued with the 
object merely of determining new scientific laws, and not with 
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any idea that such discoveries might later become of com- 
mercial value. 

Dr. Whitehead assumes that our theory of analysis is based 
on constant power factor for the solid dielectric. One might 
very well come to this conclusion, for, so far, all of our pub- 
lished results are given for tests made at room temperature. In 
all the cable compounds (in combination with paper) which we 
have so far tested, the power factor at room temperature has been 
substantially constant up to 300 volts per mil, provided the 
samples were carefully prepared so that no air was occluded. 
Curves for samples tested under similar conditions by Dr. 
Whitehead and his colleagues also show this same characteristic. 
Under these conditions the power loss varies as the voltage 
squared. However, further study has shown that at higher 
temperatures the power lost in the solid dielectric usually does 
not increase as the square of the voltage but as some other 
constant power of the voltage. If this be true, the method which 
we give is applicable at higher temperatures. We are now mak- 
ing further experimental tests on paper, impregnated with various 
cable compounds in order to obtain further data regarding this 
exponential law. So far we have found only one compound 
whose power loss under all conditions did not increase as some 
constant power of the voltage. In this one instance the de- 
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partures were slight and occurred only at the highest voltages 
on the two curves taken at the two highest temperatures. This 
compound contained 5 or 6 per cent of rosin. 

The power factor of impregnated paper without voids may be 
expressed as follows: 


when K is the solid-dielectric loss coefficient, C the capacitance, 
and w is 27 times the frequency. 

C varies only slightly with voltage. 
is a function of the voltage to the power (n — 2). At the higher 
temperatures, n may be greater or less than two. Even with 
the same compound, at the lower temperatures n may be less 
than 2 and at the higher temperatures it may be greater than 2. 
If n is less than 2 the power-factor curve has a negative slope; 
if n is greater than 2 the power-factor curve has a positive 
slope. This I believe gives the same type of power-factor curves 
which Dr. Whitehead mentions. We have obtained similar 
curves ourselves. We expect to analyze this particular aspect 
of the power and power-factor relationships after we have ac- 
cumulated further data. As we state in the Synopsis, this paper 
is a report of progress. 


Hence the power factor 


Loading Transformers By ‘Temperature 
BY V. M. MONTSINGER* 


Fellow, A. I. E. E. 


Synopsis.—It is pointed out that safe loading of transformers by 
temperature requires not only an accurate knowledge of the thermal 
laws but also a knowledge of what is a safe temperature limit to be 
maintained continuously which condition seldom, if ever, happens 
with the present method of limiting the load to nameplate rating. 
In view of our present knowledge and experience the author questions 
the advisability of loading transformers continuously up to the pres- 
ent A. I. E. E. limit of 105 deg. cent. hot spot and argues for the 
establishment of a differential of 10 deg. cent. between the limit to be 
maintained continuously by means of overloads and the limit to be 
reached occasionally with rated load. In other words, for continu- 
ously maintained maximum temperatures the hot spot should not 
exceed 95 deg. cent. 

It is shown by the use of the thermal laws that without increasing 
the maximum or hot spot temperature, transformers can be overloaded 
1 per cent for each degree centigrade by which the ambient is below 
30 deg. cent. (air) for self-cooled transformers, 25 deg. (water) for 
water-cooled transformers. 


OR several years there has been a demand on the 
part of the American central station engineers to 
operate transformers on a temperature basis. By 

temperature basis is meant that the load be limited only 
by the maximum winding temperature rather than by 
the nameplate rating. 

In response to this demand all leading American man- 
ufacturers have developed temperature indicators for 
observing the winding temperature or its equivalent 
under load conditions. In fact, an indicator of the a-c. 
type was developed! and first applied{ in service in 
1918. Since that time many hundreds of these indica- 
tors have been supplied. 

This question has now progressed to the point where 
definite rules or recommendations for operating trans- 
formers on a temperature basis have been drawn up by 
the transformer sub-committee of the Electrical Ma- 
chinery Committee.{ It is proposed that these rules 
(published in the A. I. E. E. JOURNAL, August 1928), 
be given in the form of “‘“Recommendations for Service 
Conditions” in an Appendix to the main body of the 
standards. 

Such a radical departure from what has been standard 
practise of loading transformers by nameplate rating 
for many years brings up some very important points 


*Development and Research Engineer, General Electric Com- 
pany, Pittsfield, Mass. 

{So far as known, this is the first general application of an 
indicator to indicate actual temperatures of transformer wind- 
ings under service conditions. 


1. See Bibliography for references. 
tMembers of subcommittee completing the work were: 


W. H. Cooney, W. M. Dann (Chairman), J. B. Gibbs, A. H. 
Kehoe, J. A. Johnson, H. C. Louis, L. C. Nichols, V. M. Mont- 
singer, and J. F. Peters. 

Presented at the Winter Convention of the A. I. EH. E., New York, 
N.Y., Jan. 27-31, 1980. 


The results of laboratory aging tests conducted on class A insula- 
tions in air and in oil are given. These tests show that the rate of 
aging is roughly double for each 8 deg. cent. increase in temperature. 
By the use of these data and by integrating the hot spot temperature 
rise curve resulting from different load factors the permissible peak 
load which causes the same deterioration in the insulation as a 
steady load is obtained. 

By combining the two rules, increased kv-a. with lower ambients 
and increased kv-a. with lower load factors, there is obtained a series 
of loading curves giving the permissible kv-a. capacities for different 
cooling mediums and load factors. On the average, these curves are 
conservative because they apply to transformers having quite a wide 
range of characteristics which affect the temperature rise. 

Maximum and minimum bi-monthly and average annual outdoor 
temperatures as furnished by the Bureau of Standards are given for 
various localities throughout the United States. 


* * * * * 


for consideration because, if this new method becomes 
standard practise, in the first place, it is going to result 
in higher average temperatures being maintained, and 
the present A. I. E. E. limit of 105 deg. may not be safe. 
in the second place it will, no doubt, eventually involve 
other types of apparatus. At the beginning, how- 
ever, it is thought best to confine the subject to trans- 
formers, as this class of apparatus is best suited for this 
method of loading. In fact, a transformer’s output is 
limited almost, if not entirely, by the maximum tem- 
perature, whereas revolving apparatus may have me- 
chanical limitation. Also, on account of the non-inter- 
change of heat flow directly from the copper to the iron 
and vice versa (as in a generator where the windings 
are embedded in iron slots) if the transformer oil and 
winding rises are known for any given load the rise for 
any other load can be estimated as accurately as it can 
be determined by tests. This applies to either transient 
or stable conditions. 


Again such a radical change forces upon us the ne- 
cessity of carefully considering what temperature limit 
should be adopted for continuous service. The reason 
for this is self-evident. By the present method of 
loading by nameplate rating, the A. I. E. E. limit of 
105 deg. cent. hot spot can be maintained continuously 
for self-cooled transformers* only in case the following 
four conditions occur simultaneously: 


1. 40 deg. ambient. 

2. rated load continuously. 

3. tested rise of 55 deg. cent. by resistance. 

4. maximum conventional allowance for hot spot. 


*Water-cooled and forced oil-cooled transformers are not 
involved in this discussion for the reason that the ambient tem- 
perature is 15 deg. less than the ambient for self-cooled trans- 
formers. 
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It is very unlikely that all four of these conditions will 
occur together. 

On the other hand, if a transformer is loaded by 
temperature, it is obvious that a condition can be 
brought about that is equivalent to these four condi- 
tions occurring simultaneously. The question then 
is, what temperature limit is safe for this new condition? 
And have we had sufficient experience to show that the 
present maximum limit is safe for continuous service? 

The solution of this problem, as all others of similar 
nature, depends mostly upon the results of experience 
with transformers in service. Laboratory tests give us 
valuable information, but such tests do not take into 
account all the factors encountered in the field. As to 
whether we have had any cases in service where the 
maximum limit has been maintained continuously, it 
is very doubtful if we have. In the first place, 40 deg. 
ambient does not often exist continuously, nor does 100 
per cent load factor occur as a general rule, unless for 
some special kinds of service, as for instance the manu- 
facture of ice, electrolytic, or furnace work. Again, 
transformers do not always test 55 deg. cent. rise; nor 
is there always the maximum conventional allowance 
between the average and hottest spot in the windings. 
The chances of all of these maximum conditions occur- 
ring at the same time and continuously, is possible but 
remote; therefore, it is questionable if we have sufficient 
data for assuming that this maximum temperature 
limit could be maintained continuously with a satisfac- 
tory resulting life of the apparatus. By satisfactory 
life is meant at least fifteen years and perhaps twenty 
or twenty-five years. We have had maximum rated 
(55 deg. rise) transformers only since 1918. 

When the present standards for rating and tempera- 
ture limits were established in 1918, no one, of course, 
knew at that time just what the exact temperature 
limit should be. Papers presented on the subject of 
temperature at this memorable meeting of the Mid- 
winter Convention give very meager data on this point. 
Experience since that time, however, has shown that for 
average service conditions, the standards were well 
chosen, and it would be unfortunate if the standard rise 
of 55 deg. cent. for nameplate rating should be dis- 
turbed. Even if loading by temperature should become 
standard practise, it is quite necessary to retain a stand- 
ard temperature rise for test purposes (with rate kv-a.) 
in order to have some measure of the material in a given 
transformer. The present rise of 55 deg. should not 
be disturbed. 

Regardless of the method of loading transformers, it 
is quite logical to have a differential in the temperature 
limits for continuous and for periodic service. For ex- 
ample, if 105 deg. cent. is satisfactory for continuous 
service, at least 10 deg. cent. higher temperature if not 
more should be permissible for short time peak loads. 
However, we have no experience that would justify us 
at this time in increasing the limit of 105 deg. even for 
short time service; consequently, if we establish a tem- 
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perature differential, it seems that it would be best to 
be on the safe side and first adopt a lower limit for con- 
tinuous service, and retain the 105 deg. for periodic 
service, especially if this can be done without disturbing 
the present standards. In a few years, it may be found 
that these limits can be raised. 

At this point it is well to comment on the seeming 
inconsistency in the proposed rules given in Appendix 
A. For instance, Paragraph 18-601 says that a trans- 
former is suitable for carrying rated load continuously 
provided that the cooling medium does not exceed 40 
deg. cent. for air. In other words this says that it is all 
right to maintain continuously a temperature measured 
by resistance of 95 deg. (55 + 40)—which is inconsis- 
tent with paragraph 18-602 which says that for all 
overload conditions the temperature limits should be 
10 lower than those that would result with rated load in 
a 40 deg. cent. air temperature. In other words accord- 
ing to the rules 95 deg. is all right for rated load but 85 
deg. must not be exceeded even for a small overload. 
This requires an explanation. 

In the first place, in order not to disturb the present 
standards of 55 deg. rise and 40 deg. ambient, it was 
necessary to leave this statement essentially the same 
as it is in the present standards No. 13 (paragraph 18-50) 
of the 1925 edition. 

To be consistent with the part giving recommended 
temperature limits for overloads it would have been 
necessary either to limit rated load to a cooling medium 
of 30 deg. cent. for air or reduce the temperature rise of 
all self-cooled transformers from 55 deg.to 45 deg. cent., 
either of which is unnecessary. It is not necessary be- 
cause the chances are that so long as rated load is not 
exceeded the average temperatures in the future will 
remain pretty much the same as in the past. It has 
already been pointed out that satisfactory results have 
been obtained under the present practise of operating 
under usual service conditions. Whatever is said in the 
rules will have little or no effect on service conditions. 

Another reason why a lower limit should be adopted 
for overload conditions is that as the overload increases 
the difference between the average and hot spot in- 
creases. Some allowance for this should be made. 
Attention is called to this in the footnote under para- 
graph 13-603 in the Appendix. 

Considering the above points and that the proposed 
rules are in the nature of an experiment and are to be 
used for the purpose of obtaining operating experience, 
it seems that we are fully justified in making the rules 
as they are. 

It is the object of this paper* to present and justify 
the proposed rules for loading transformers by tempera- 
ture. In view of the present tendency to overload at 
low ambients it seems very desirable to standardize 
overload values and temperature limits which are safe, 
rather than let the situation drift along with the result 


*Companion to paper by W. M. Dann entitled, Operating 
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that in some cases unsafe valves may be used. To allow 
the operator to assign the rating to an expensive appara- 
tus depending upon the operating conditions is a very 
important matter and anything that can be done to 
make it safe is worth while. It is hoped that the data 
given in the paper will serve a useful purpose in guiding 
the practise. 

The writer has gone somewhat further than the pro- 
posed rules of allowing overloads at low ambients in 

.that it is proposed to allow overloads under low load 
factor conditions (the ambient remaining constant) 
which will use up the apparatus at approximately the 
same rate or less than that for a given constant load 
factor. 

This should enable an operator to determine at what 
rate he is utilizing the life of the apparatus, under cer- 
tain special conditions. Under some conditions it may 
be advisable to utilize the life of the apparatus at a 
much faster rate than under average conditions, or it 
may be advisable in some cases to be more conservative. 


METHOD OF LOADING BY TEMPERATURE 


Two general methods of loading by temperature are 
recommended in the proposed rules, namely, (1) by 
temperature indicator, and (2) by a loading curve where 
the load in per cent of nameplate rating is dependent 
upon the ambient temperature. 

Loading by Temperature Indicators. It will be noted 
that the proposed rules give three temperature limits 
85, 90, and 95 deg. cent., depending upon whether the 
indicator is calibrated in terms of average temperature, 
embedded detector, or hottest spot temperature. In 
each case the limit is 10 deg. cent. less than that result- 
ing from a maximum rated 55 deg. cent. rise trans- 
former operating in a 40 deg. room. For water-cooled 
transformers where the ambient (ingoing water) is 25 
deg. cent. this permits loading continuously at a load 
to give 60 deg. cent. rise by resistance. 

Loading Based on Ambient Temperature. To deter- 
mine safe loading as a function of the ambient tempera- 
ture it is necessary to know how the ky-a. varies with 
temperature rise for the different types of transformers. 

Kv-a. vs. Temperature Rise. In transformers of the 
oil-immersed (self-cooled and water-cooled) types, there 
are two distinct and main divisions or steps to be con- 
sidered in determining the temperature rise of both the 
windings and the iron over the cooling medium. That 
is, the copper rise under load is the sum of (1) the oil rise 
over the cooling medium, and (2) the copper rise over 
the oil. Likewise, the iron rise is the sum of (1) the oil 
rise and (2), the iron rise over the oil. These rises must 
always be dealt with separately. It is obvious that the 
oil rise is dependent upon both the copper and iron 
losses while the copper and iron rises over the oil are 
each dependent mainly upon their respective losses. 

This simplified thermal condition in oil-immersed 
transformers should be kept in mind because it is on 
this account that it is possible to predict the tempera- 
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ture rises under different loading conditions to a greater 
degree of accuracy than in most other types of 
apparatus 

The writer has found during many years experience 
in cooling and heating problems that the temperature 
rise vs. loss can, in almost every case, be expressed by a 
simple exponential equation. It seems to be one of 
natures’s laws that loss of heat by natural cooling in 
either a gas or liquid is generally proportional to the 
temperature rise raised to some power* usually greater 
than 1.0. But in forced cooling, loss is always directly 
proportional to temperature rise, 7. e., the power is 1.0. 

The formula is: 

P= KO» (1) 

where P is the loss, 

K aconstant, 

§ the temperature rise, and 

m a numerical value depending upon the condition of 


cooling. 
Expressed in the reverse order, Equation (1) becomes 
Oi Ker (2) 
where K' is a new constant, and 
=e 


For oil immersed core type transformers and for 
constant conditions and within the usual working range 
of oil temperatures, many tests have shown that n 
and n! have the following approximate values: 


Self-Cooled: 
1. Tank surface or oil rise over 
room n n 


a. Switheplain tanks. 4.4552 if ae) 0.84 
b. withirregular (corrugated, 
ete: isurtacesuand. maces 125 0.80 
2. Winding rise either by resis- 
tance or hot spot over oil— 
a. Having vertical coils..... 1.00 1.00 
b. Having horizontal coils... 1.25 0.80 
Water-Cooled: 
1. Oil rise over ingoing water 
(for a constant water rise).. 2.0 0.5 
2. Winding rise either by resis- 
tanee or hot spot over oil 
a. With vertical coils....... 1.0 IO 
b. With horizontal coils..... 1.25 0.80 


When applied to the oil rise, P represents the sum of 
the copper and iron losses at the operating temperatures, 
but when applied to the windings, P represents the 
copper loss only at the operating temperature. The 
value of the constant K of K’ must, of course, be de- 
termined from the observed or assumed values of 6 and 
P for a given load. 

The values of 1.19 and 1.25 for n for the oil rise of 
tanks with plain and irregular surfaces respectively 
agree with what would be expected. For instance, 
when the surface of a tank is irregular, most of the loss 


*Radiation of heat in air does not quite follow this law though 
when considering a limited range in temperature, it is close 
enough for practical purposes. 
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75 per cent or more, is dissipated by convection, the 
remaining being radiated. Loss of heat by convection 
is proportional to the temperature rise raised to the 
1.25 power. Therefore, unless the vertical oil gradient 
changes materially for different loads, and there is no 
reason why it should, the oil rise should follow the same 
law as that of loss by convection. For a plain tank, it 
is a little different because the effect of the radiation 
pulls the exponent down since the loss by radiation is 
approximately one-half the total loss, and the exponent 
for radiation over the range of temperature considered t 
is about 1.12. ‘Tests check very closely the average 
value (1.19) of these two exponents. Later on, in 
making calculations of oil rise vs. loss, the value of 1.25 
for n is used for the reason that the tanks for all self- 
cooled power transformers have irregular surfaces. 
Fig. 1 shows the rise of oil of a water-cooled trans- 
former rated WC-60-500-13,200; first for a 10 deg. cent. 


rise in the circulating water, and second for a 20 deg. © 


cent. rise in the water, and third, a curve for the oil 
rise of a WC-60-1000-44,000 volt transformer with a 
10 deg. cent. rise in the water. These curves show that 
n’ varies from 0.47 to 0.525. Experience shows. that 
0.5 gives results close enough for practical purposes. 

The temperature rises of both the oil over the room 
and the windings over the oil are influenced to some 
extent by the change in viscosity of the oil as its tem- 
perature changes, though, generally speaking, this 
effect can be neglected for the oils used in America, 
unless the temperature is below about 25 deg. or 30 deg. 
cent. because the increase in resistance of the copper as 
the temperature increases is approximately neutralized 
by the effect of the decrease in oil viscosity. The 
amount of oil has no effect on the rise after conditions 
become constant for the reason that the oil generally 
has approximately a uniform temperature, Fig. 2, along 
its entire path of flow from near the core and windings 
to all points above the windings to within about 14 in. 
of the cooling coils and tank surfaces. 

The total winding rise over the ambient may be cal- 
culated for any load other than normal by the following 
formula: 

T=C—-A=T,(LNF?4+1)%°4+T. LR 
in which— 
T = temperature rise (either hot spot or average) of 
windings over ambient 
copper temperature in deg. cent. 
ambient temperature in deg. cent. 
= temperature rise of oil (either top oil or average 
oil) over ambient at rated load 
= ratio of copper to iron loss at rated load 
ratio of overload to rated load 
. = temperature rise of copper over oil at rated load 
(either hot spot or average) 
n, = 0.8 for self-cooled transformers 
= 0.5 for water-cooled transformers 


+See Equation (9), Bibliography 3. 
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m, = 0.8 for horizontal windings 
= 1.0 for vertical windings 
ES eee 


(oe Poets ly a Te 


In cases where Equation (4) is used and where the 
copper resistance increases with the temperature, it is, 
of course, necessary to determine the value of L for each 
kv-a. value by trial; but when used for the condition 
where the hot spot is constant (the kv-a. varying 
with the ambient) L = 1. 0. 

For the condition where n, = n,., that is, for self- 
cooled transformers with horizon talcoils (and lettering) 


1 1 
egies a 1, 


| 
| and when L = 1.0 


ppade ih rarer: ; 
— Tom (NED ENT (4) 


If we desire to determine the available capacity for 
any given ambient, the equation becomes 
C— A)™(N +1) — T.™ 
Be ya (Cre Sal i. Hs 
Tw (N+1)+NT.™ 
The difference in the oil and winding rises resulting 
from assuming, first, that these rises are not propor- 
tional to the loss and, second, that they are proportional 
to the loss (as is sometimes done’) is given in Table I. 


TABLE I 


COMPARISON OF KV-A. VS. TEMPERATURE RISE OF OIL AND 
WINDINGS BASED ON TEMPERATURE RISE BEING: 


(1) Not proportional to loss. (2) 


Self-cooled* 


Proportional to loss. 


es ee, | ee ee 


Hot spot rise deg. cent. over: 


Oil rise deg. cent. 


over ambient Oil Ambient 
no = 0.8] no = 1 
R No = 0.8] no =1 |r, = 0.8) ng = 1 |n, = 0.8) ng = 1 Dif. 
1.00 45 45 20 20 65 65 0 
1.25 55 57.5 28.6 3l,.2 83.6 88.7 yamme § 
1.50 66.4 73.3 38.3 45.0 104.7 118.3 13.6 
Water-cooled* 
Hot spot rise deg. cent. over: 
Oil rise deg. cent. = 
over ambient Oil Ambient 
No = 0.5| no = 1 
R No = 0.5} no =1 |n, = 0.8] np = 1 [n, = 0.8) n, =1 
1.00 35 35 30 30 65 65 0 
1.25 39.6 45 43 46.8 82.6 91.8 9.2 
1.50 44.5 56.5 57.4 67.5 101.4 124. 22.6 
*Ratio cu. to iron losses 1:1 when R = 1.0 


These results show that the error, introduced by 
assuming 7, and n, equal to unity is in some cases too 
large to neglect, especially for water-cooled transformer. 

Figs. 3 and 4 give curves of the variation in ky-a. vs. 
temperature rise of the windings and oil, above the 
room, of a self-cooled transformer with (1) horizontal 
and (2) vertical windings, assuming three different 
ratios of copper to iron losses. The rises were 
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calculated by the above formulas with the following 
assumed data at 100 per cent load: 

40 deg. cent. top oil rise over the room, 

*25 deg. cent. hot-spot winding rise over top oil, 

Tank with irregular surface (n = 1.25) 

1:2, 1:1, and 2:1 ratios of copper to iron loss at rated 

load. 

In estimating these kv-a. values, the increased copper 
loss due to the increasing resistance (with temperatures) 
was taken into account. 

Fig. 5 shows similar curve for representative water- 
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Fie. 1—Curves SHowirne Orn Rise or THE WatER CooLep 


TRANSFORMERS FOLLOWING 


(a) WC—60— 500—13,200, 20 deg. cent. water rise 
(b) WC—60— 500—13,200, 10 deg. cent. water rise 
(c) WC—60—1000—44,000, 10 deg. cent. water rise 


cooled transformers having vertical coils, different 
ratios of copper to iron losses, and the following as- 
sumed data at 100 per cent load. 

1. 30 deg. cent. top oil rise over in-going water tem- 
perature. 


2. 35 deg. cent hottest spot winding rise over top oil. 
3. 1:1, 2:1, and 4:1 ratio of copper to iron loss. 


4. 90 per cent of loss being carried away by the 
water, remaining 10 per cent being dissipated to the 
air by the tank. 


5. A constant rate of flow of cooling water, this 
rate being such as to give a 10 deg. cent. rise at 100 per 
cent load. 


The conditions assumed in item (5) give conservative 
results because if the water were increased with the 
load, as is often the case, the resulting oil rise would be 
less. (The winding rise over the oil is, of course, 
constant for any given load for any rise in the water.) 
The change in the oil rise is not proportional to the 
change in the maximum water rise because it is depen- 
dent more nearly on the average rise of the water. 
Generally, the oil rise increases approximately 0.7 as 
fast as the maximum water rise and vice versa. See 
Fig. 1. For example, if with a 10 deg. cent. water rise, 
the oil rise is 30 deg. cent. and the amount of water is 
reduced one-half to give a 20 deg. cent. rise, the oil rise is 
increased to about 37 deg. cent. 


*It is assumed that the hottest spot over the average tempera- 
ture is 10 deg. cent., thus leaving an average winding rise of 55 
deg. cent. over the room. 
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Kv-A. VS. COOLING MEDIUM TEMPERATURES TO 
PRODUCE A GIVEN MAXIMUM OR Hot Spot 
TEMPERATURE 

By subtracting various ambient temperatures from a 
given average maximum, say 80 deg. cent. (25. plus 
55 = 80), or a given hot spot 90 deg. (25 plus 55 plus 
10 = 90) for water-cooled transformers, or 85 and 
95 deg. cent., maximum and hot spot temperatures 
respectively for self-cooled transformers in a 30 deg. 
cent. ambient, we obtain by the aid of the curves of 
kv-a. vs. temperature rise the available kv-a. capacities 
for the various ambients. These are shown in Tables 
IT and tits 

It will be noted that for all the conditions assumed 
for ratios of losses, ete., the following simple rule will 
be met: 

“The capacity can be increased 1 per cent for each 
degree that the ambient is below 25 deg. cent. for water- 
cooled and 30 deg. cent. for self-cooled transformers.” 

In fact, the rule is more conservative for present day 


2,5°, 


Te ea 
= [7 Mad LAI Lab He 

39° oo 40.8 Top of Core 

38 ° “41.8 
Vans 


Tank Temp. 
30° 


Ingoing Water 14°C 

Outgoing Water 23.5°C 

Room Temp. 24°C | 
20" 30" 40" 


Fie. 2—TEMPERATURE GRADIENT OF O1L IN WatER CooLEeD 


TRANSFORMER 
WC—60—2100,—13,900—2300 volts 


high efficiency units than it appears to be from the 
values given in Tables II and III, because it is assumed 
that (1), the hot spot is 10 deg. cent. whereas on account 
of the low copper densities used, the hot spot is perhaps 
more nearly 5 to 7 deg. cent. instead of 10 deg. cent. 
Again it is assumed that the tested rise is 55 deg. cent. 
at rated load, which is not always the case. This 1 per 
cent rule was pointed out by the writer in the June 
1918 issue of the General Electric Review, in the follow- 
ing statement: 

aa an increase of approximately one per cent 
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in the kilovolt-amperes capacity of self-cooled trans- exceeding the normal hot-spot limit. The same ap- 
formers can usually be obtained for each degree that proximate rate of increase in capacity applies to 
the ambient temperature is below 40 deg. cent., without water-cooled transformers for each degree that the 


TABLE II 
WATER-COOLED TRANSFORMER RELATIVE KYV-A. CAPACITIES VS. INGOING WATER TEMPERATURES TO PRODUCE A GIVEN 
WINDING TEMPERATURE 


Assumed characteristics at 100 per cent load Per cent kv-a. 
Ratio of copper to iron loss aeat Bit. 4:1 
Ci mISEGrOVer TOOL COS? CON Ga, 2 Fie ous, cashoxs Gertie» ls s: satiiavsileuerens,s 8. « 30 35 40 30 35 40 30 35 40 
Average winding rise over oil deg. cent...................... 25 20 15 25 20 15 25 20 15 
Hotwpoterise over olidess conti cigs’ fp ioet hs. Sieh. fee ee ode 35 30 25 35 30 25 35 30 25 
Ingoing Position Based on 
Water temp. 1 of q winding 
deg. cent. windings temp. of 
35 Vert. 80-deg. av’g. 85. 83. 81. 86.5 - 85), 83.5 87.5 86.5 85. 
Horiz. « ss 83. 81. 79. 84.5 83. 81.5 86. 85. 84. 
Vert. 90-deg. hot spot 88.5 87.5 86.5 89. 88. 87. 90. 89. 88. 
Horiz SS sé es 86.5 85.5 8475 | MS7. 86. 85. 88.5 88. 87.5 
25 Vert. 80-deg. av’g. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
Horiz “ “ “ ae “ “ “ce “ “ “ “ 
Vert. 90-deg. hot spot “ “ “ “ “ “ “ee “ “ 
Horiz “ “ “ “ “ “ “ee “ “ “ “ “ 
15 Vert. 80 -deg. av’g. 113.5 115 116.5 112 113 114 L111 55, 112.5 114 
Horiz ¢ bs 115.5 117 118.5 114 115 116 113 113.5 114.5 
Vert. 90-deg. hot spot} 110.5 11175 113. 110. ao 110.5 111. 109.5 110. 110.5 
Horiz. ba se 112.5 113.5 114.5 11,5 112. 112.5 110.5 111 111.5 
0 Vert. 80-deg. av’g. 131. 134. UB ¥Gs 129. 131. 133. 127. 129. 131. 
Horiz. ss < 136.5 139.5 142. 133.5 135.5 137.5 131.5 133. 134.5 
Vert. 90-deg. hot spot| 125. L275 129 123.5 125. 126.5 122.5 124. 125.5 
Horiz. Ke sf 130.5 132. 134 128.0 129.5 131. 126.5 127.5 128.5 
TABLE III 
SELF-COOLED TRANSFORMER RELATIVE KyY-A. CAPACITIES VS. ROOM TEMPERATURES TO PRODUCE A GIVEN WINDING 
TEMPERATURE 1 
Assumed characteristics at 100 per cent load Per cent ky-a. 
Ratio copper to iron loss 1:2 a UE 2:1 
Ollvise OVer TOOMUMER CONT. tise i sie. o:a:.che is) ie ieia aca) hays okays os) 0s 45 40 35 45 40 35 45 40 35 
Average winding rise over oil deg. cent..... ...5.....--+006- 10 15 20 10 15 20 10 15 20 
Hot winding rise over oil deg. cent..............2 eee wees 20 25 30 20 25 30 20 25 30 
Room Position Based on 
temp of winding 
deg. cent. windings temp. of 
40 Vert 85-deg. avg 74 78 81.5 80 82.5 84 84.5 85.5 86.5 
Horiz i ef veil vouD VG Ae) 78.5 80.5 82 83 83.5 85 
Vert 95-deg. hot spot 82.5 85 87 86 87 88 88 89 89.5 
Horiz ee coeieies 80.5 82 84 84 85 86 87 87.5 88 
30 Vert. 85-deg. avg. 100 100 100 100 100 100 100 100 100 
Horiz “ “ “ “ “ “ “ce “ “ “ “ 
Vert 95-deg hot spot “ “oe “ “ “ “ “ “ “ 
Horiz “ “ T3 “ “ec ci “ “ “ “ce “ “ 
20 Vert. 85-deg. avg. 121 118 115:5 ele é 115 114. 114 113 112 
Horiz “e f 123 120.5 118.5 118 117 114.5 115 114 113.5 
Vert 95-deg. hot spot] 115 113 PLUS 112.5 VIPS 110.5 111 110 109.5 
Horiz es Gs oH 117 115.5 114 114.5 113.5 112.5 112 111.5 DEL 
10 Vert 85-deg. avg 139 133.5 130 131 127.5 126 126 124.5 123 
Horiz. as es 143 138.5 135 134 132 130 128 127 126.5 
Vert. 95-deg. hot spot} 128 125 123 123/.5 122 120.5 121 119.5 118.5 
Horiz ne Ge ae 132 129.5 127.5 127 125.5 124.5 123 122.5 122 
0 Vert. 85-deg. avg. 154.5 148 143 145 141 137,55: 138 136 134 
Horiz. & . 161.5 155.5 151 149 146 144 141 187.5 138.5 
Vert. 95-deg. hot spot} 139.5 13555 133 134 131-55 129.5 130 128.5 127 
Horiz ef fos ic 146 143 140 139 137 135.5 134 133 132 
-—10 Vert. 85-deg. avg. 169 161.5 155.5 158 153 148.5 149 146 143.5 
Horiz. es cf 178.5 171 165.5 163 159.5 157 153 151 159.5 
Vert. 95-deg. hot spot} 151 146 142 144 141 138.5 139 137 135 
Horiz 6 Se bess 159 155 152 150 148 146 143.5 142.5 141.5 
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temperature of the ingoing water is below 25 deg. cent.” 

Loading as Function of Load Factor. We have seen 
that the variation in load can be expressed as a simple 
relation of the ambient temperature. This idea can 
be carried further by making the load a function of the 
load factor, although it is not quite so simple to do so. 
It requires a knowledge of the rate of aging"or deteriora- 


TEMPERATURE RISE - DEG. CENT. 


100 120 
PER CENT KV-A. LOAD 


Fig. 3—Curves SHOWING VARIATION OF Ky-A. vs. TEMPERA- 
TURE RisE IN WINDINGS AND OIL 


For self-cooled transformers having vertical coils and copper to iron 
loss ratios at 100% load as follows: 
(a) 1:2 
(b) 1:1 
(CG) a2 


tion of insulation with temperature. With this infor- 
mation at hand and with a curve or set of curves giving 
the hot spot temperature for various load factors, the 
relative aging can be determined for the load factor by 
integrating these areas, and multiplying by the rela- 
tive aging. The relative life of the apparatus is repre- 
sented of course by the reciprocal of the value so 
obtained. 


1. EFFECT oF AGING OF INSULATION ON LIFE OF A 
j TRANSFORMER 


Insulation obviously performs two functions; it 
provides both electrical and mechanical strength be- 
tween turns, between coils, and from coils to ground. 

Aging is a function of both time and temperature, 
and eventually renders the insulation unfit to perform 
either duty. In other words, contrary to the sometimes 
expressed statement that “aging does not begin until a 
definite temperature has been exceeded, aging goes on 
at all temperatures, even room temperatures, the rate 
of course increasing as the temperature increases. 

Numerous laboratory tests have demonstrated that 
insulation does not seriously deteriorate electrically 
until the material has lost all mechanical strength and 
has become charred and sufficiently weakened and 
brittle to crumble; in other words, until it has passed 
beyond a condition that is safe. In fact, generally, 
the dielectric strength increases until the material 
cracks. ; 
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Consequently, it is hopeless to judge even the rate of 
deterioration of insulation by its electrical strength. 
This leaves us with only the mechanical strength to 
judge the insulation. 

It is doubtful if the ‘‘actual”’ life of a transformer can 
ever be determined, even by the most carefully con- 
ducted laboratory test, due to the lack of a proper 
criterion by which to judge whether an insulation has 
reached an unsafe degree of deterioration. 

It is the writer’s opinion that the mechanical deter- 
ioration (such as tensile tearing and bursting strength) 
of insulation can be used to best advantage only in 
one way to help us out in the problem of loading trans- 
formers by temperature. This is to determine the 
“rate of deterioration” at different temperatures and 
use this in conjunction with some temperature which 
average service conditions have shown a transformer 
to give a reasonable life, and judge from this how 
long it ought to last if continuously operated at 
some other temperature, say 10 deg. cent. lower or 10 
deg. higher. Again, if such a curve is rational, it 
should be possible to estimate roughly how fast one 
is using up the life of a certain piece of apparatus on 
short time, heavy over-loads, ete. Or one can estimate 
the permissible peak loads under various load factor 
conditions to produce approximately the same degree 
of deterioration, as 100 per cent load, or nameplate 
rating continuously in a given ambient. Of course, 


TEMPERATURE RISE - DEG. CENT. 


100 120 
PER CENT KV-A LOAD 
4—CurRVES SHOWING VARIATION IN Ky-A. vs. TEM- 


PERATURE RISE OF THE WINDINGS AND O1L FOR SELF COOLED 
TRANSFORMERS 


Fig. 


Having horizontal coils and copper to iron loss ratios at 100% load as 
follows: 


(a) 1:2 

(b) 1:1 

(Cen BaBik 
it is obvious that this method is not rigidly correct 
(as no method can be), yet it offers the only means of 
arriving at even an approximate answer to the problem, 
and enables us to make progress. 

Figs. 6 and 7 show the decrease in tensile strength 
of black and yellow varnish cloths when subjected to 
90, 100, and 110 deg. cent. in air and in oil for a period 
of 68 weeks. : 
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These and many other aging curves show that the 
time necessary to reduce the insulation at a given 
temperature to a definite per cent of its initial strength 
when plotted on semi-log paper against the tempera- 


TEMPERATURE RISE DEG. CENT, 


80 100 120 140 
PER CENT KV-A. LOAD 


Fig. 5—Curves SHOWING VARIATION IN Ky-A. vs. TEMPERA- 


TURE RisE OF THE WINDINGS AND OIL 


For water cooled transformers having vertical coils and copper to iron 
loss ratios at 100% load as follows: 
(a) 1:1 
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Fig. 6—Agcine Curves For 0.012 In. YELLOW VARNISHED 


CAMBRIC 
(1) In 90 deg. cent. air 
(2) In 100 deg. cent, air 
(3) In 110 deg. cent. air 
(4) In 90 deg. cent. oil 
(5) In 100 deg. cent. oii 
(6) In 110 deg. cent. oil 


ture falls approximately on a straight line (the time 
being on the log scale). 
The equation is Vy =A: ene (6) 


*See Fig. 11. 
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where Y = time. 
A = constant. 
eé = base of naperian logarithm. 
m = constant = (0.088).* 
x = temperature deg. cent. 

The form of Equation (6) means, of course, that 
deterioration goes on at some definite rate at all tem- 
peratures, and doubles every so many degrees increase, 
or vice versa. For example, if the curves shown in 
Figs. 6 and 7 are re-plotted on semi-log paper, Figs. 9 
and 10, it will be noted that for each 7.5 deg. or 8 deg. 
cent. increase in temperature, the rate of aging doubles. 
These data were obtained in 1921. 

Practically about the same rate of aging was found 
by the Massachusetts Institute of Technology, Depart- 
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Curves For 0.012 In. Buack VARNISHED 
CaMBRIC 


Fie. 7—AGING 


(1) In 90 deg. cent. air 
(2) In 100 deg. cent. air 
(3) In 110 deg. cent. air 
(4) In 90 deg. cent. oil 
(5) In 100 deg. cent. oil 
(6) In 110 deg. cent. oil 


ment of Electrical Engineering (direction of Dr. V. 
Bush) in the series of tests which was conducted in 
1923 on “‘The Deterioration of Cable Paper when Sub- 
jected to Temperature Only.’’ These tests were made 
with the collaboration of the N. E. L. A. and the 
results are given in a report to the Impregnated Paper 
Insulated Cable Research Committee, National Elec- 
tric Light Association. One set of curves in this 
report is replotted and given in Fig. 8. This shows 
that the rate of aging doubles approximately every 
8 deg. cent. increase in temperature for all the 
lines ranging from 90 per cent of the initial strength 
down to 20 per cent of initial strength. The 8 deg. 
cent. rule is the general average of several other curves 
in this report. Considering the fact that the two sets 
of aging tests were made independently of each other, 
and check so well adds confidence in some such a rule. 
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The tests, Figs. 9 and 10, indicated that the same law 
holds for aging in both air and oil. These curves are 
replotted from the curves which represent an average 
of the test points shown in Figs. 6 and 7 respectively. 
It will be noted, however, that insulation ages faster 
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(Replotted from curves in Fig. 6) 


in oil than in air which result was rather surprising at 
first. It was thought that some error had been made. 
Many other tests, however, have confirmed these re- 
sults even though air was kept away from the oil to 
prevent oxidation and consequent increase in the acidity 
of the oil. High acid contents in the oil will hasten the 
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aging but even if oil is kept strictly neutral, tests show 
that the aging is faster so that it cannot be explained 
in this way. No completely satisfactory explanation 
has ever been given for this shorter life of insulation in 
oil than in air, though it has been suggested that it 
may be due either to the oil softening up the fibers or 
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the acids in the oil attacking the fibers. This is a good 
subject for a physicist to study. 

Fig. 11 gives a curve showing the probable life of 
insulation in which the time necessary to cause the 
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Fig. 11—Errect or TEMPERATURE ON RELATIVE LirE oF 
Cuass A InsuLation (ActuaL Lire Very APPROXIMATE) OR 
Time To Cause CompLetse DirsTRUCTION IN OIL 


material to become practically useless in oil at various 
temperatures is shown. From zero time up to about 
20 years the line used later follows the 8 deg. cent. rule 
but at this point it is drawn downward such that at 25 
deg. cent. the life is 100 years. It does not seem that 
insulation could have very much life left at the end of 
approximately 100 years even at room temperature. 
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Whether or not this is correct is not vitally important TABLE IV 
to the present problem. 
The equation of the straight line in Fig. 11 is Approximate time in years 
Y = 7.15 X 104 0882 (7) required to reduce life of 
here ye ears yg Se deg. cent. insulation to zero (in oil) 
x = temperature in deg. cent. 30 94 
e = 2.718 40 82 
The approximate actual life as taken from the full 50 70 
line curve, Fig. 11, is given in Table No. IV for each * ie 
10 deg. cent. between and including the limits of 30 80 35 
and 120 deg. cent. 90 23 
Loap Factors af % : 
Typical Load Factor Curves. Figs. 12 to 17 inclusive 105 ie 
show typical curves of loads ranging from about 25 110 4.5 
to 90 per cent load factors observed on the New York 120 1.9 
300 - few ] ‘i = 60000 
49.5 Per Cent Load Factor 
ae 4 50000 
=m) 7 ies 
ki Per E 
100 |—> il Fee 
rT 20000 
12 6789101212345 6 12 10000 
Mid. AM. Noon P.M. Mid. 
Fie. 12 ge aoa 6 12 6 12 
Mid, AM. Noon P.M. Mid 
Fie. 15 
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12 6 12 “6 12 
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Figs. 127017—Tyricat Loap Curves or Various Loap Facrors on NEw 
York Epison Company’s SYSTEM 
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Edison Company’s System. Table V shows these to- 
gether with some other load factors for various kinds 
of service on the same system. 

The data in Table V show that for general power 
and light, and for the usual industrial purposes, the 
load factor seldom exceeds about 60 per cent. For ice 
and sugar manufacturing purposes, however, the load 
factor is high, in fact, close to 100 per cent. 

Maximum or Peak Loads at Various Load Factors 
to be the Equivalent of 100 per cent Load Factor. As 
previously pointed out, the deterioration of insulation 
is a function of both time and temperature. Therefore, 
if we are to determine the effect of temperature result- 
ing from various load factors on the deterioration of 
the insulation, we must first know what the hot spot 
temperature is during the cycle of loading, and second, 
we must determine the equivalent continuous load that 
will produce the same aging by integrating by parts the 
area of the hot spot temperature, and use the aging 
curve based on the 8 deg. rule, that is, the curve which 
shows the rate of aging doubles each 8 deg. cent. in- 
crease in temperature. This may be termed the 
weighted aging effect. Or stated the other way around, 
we must determine the maximum peak loads under 
which various load factors produce the same deteriora- 
tion as rated load operated 100 per cent of the time. 

It is, of course, recognized that the weighted aging is 
not the same even for a given load factor, but may vary 
depending on the duration of the peak load. For 
example, it is quite evident that the worst condition or 
the condition where the greatest deterioration takes 
place for, say, a 50 per cent load factor is where the 
maximum load is maintained constant for 50 per cent 
of the time, and the remainder of the time the load is 
zero. (It is, of course, assumed that core loss is on 
100 per cent of the time.) The condition where the 
least deterioration will take place for this same load 
factor is where the maximum load exists for a period of, 
say, only one half hour, the remainder of the time the 
load being light. Examples of the above cases may be 
taken as follows: 50 per cent load factor worst condi- 
tion, maximum load on 12 hours a day, or 15 days ina 
month, or 187 days in a year, core-loss on remainder 
of the time. The best condition, maximum load on 
one-half hour in 24 hours or the equivalent percentage 
of time in the days per year, and the remaining time 
the load just under 50 per cent, the difference between 
50 per cent load, and the actual load held being equiva- 
lent to the short peak load. 

Assume the following characteristics at rated load: 

1. 40 deg. cent. top oil rise over ambient. 
25 deg. cent. hot spot winding rise over oil. 
30 deg. cent. ambient. 
2:1 ratio cu. to fe. losses. 
vertical coils. 
tank with irregular surface (n = 1.25) 
oil rise varies as 0.8 power of loss. 
coil rise over oil varies directly with loss. 
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9. 40 per cent load factor (rectangular load curve; 
7. e., 100 per cent on 40 per cent of time, no load 60 
per cent of time). 

10. 15 deg. coil rise by resistance over oil. 

No Load 

No load loss = fe. loss = 1.0. 

Full load loss = fe. + cu. = 1+2 = 3. 

Top oil rise = 40 (1/3)8, = 16.6 deg. cent. 

Top oil temp. = 30 + 16.6 = 46.6 deg. cent. 

Life at 46.6 deg. cent. = 70 years (see Fig. 11) as- 
suming no-load losses on during entire life. 

110 Per Cent Load 

Copper loss = 1.12: x 2— 2.42 

Iron loss = 1.0. 

Totalloss = 2.42 + 1 = 3.42 

Hot spot temp. = 1.1? (25 + 40) + 30 = 104deg. cent. 

Life at 104 deg. cent. = 7.5 years, assuming 110 per 
cent load on during entire life. 

At 40 per cent load factor the life is more than 7.5 
years since a part of the time the temperature is less 
than 104 per cent. The life can be obtained by rating 
each load (7. e., no-load and 110 per cent load) accord- 
ing to its duration. 

A method of accomplishing this is given below: 


Equivalent no-load life = inn 117 years. 
: ; 1 
Reciprocal no-load equivalent life = cities 0.00855. 
4 ; (65) 
Equivalent 110 per cent load life = Ter 18.75 
years. 
: , eg 1 
Reciprocal 100 per cent load equivalent life = 1375 


= .0ns2, 
Total reciprocal life = 0.00855 + 0.0532 = 0.06175. 


= 16.2 years. 


: a 
Total lifer= 0.06175 


16.2 years corresponds to the life of 16 years as given 
in Fig. 11 with normal load applied continuously in a 
30 deg. ambient with a resulting hot spot temperature 
of 95 deg. cent. 


This method is continued using different overloads 
until a life is obtained which is approximately 16 years, 
the life with normal load continuously applied. 


Fig. 18 shows the permissible peak loads under dif- 
ferent load factor conditions that will produce, accord- 
ing to the 8 deg. rule and the weighted hot spot tem- 
peratures, the same deterioration of the insulation for 
the best load cycle condition, the worst daily load cycle, 
and the worst load cycle under any condition. The 
best condition is where the maximum or peak load is a 
narrow high rectangle extending over a short time not 
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over one-half hour while the remaining time the load is 
fairly light. 

The worst condition naturally comes where the load 
is zero part of the time and maximum the remainder of 
the time—a rectangular shaped cycle. The reason the 
worst daily load cycle is not as severe as the worst 
cycle under any condition is because the winding tem- 
perature due to the time lag is not at the maximum 
value for say 50 per cent of the time for a 50 per cent 
daily load factor as it would be if we had a 50 per cent 
weekly or monthly load factor. 

The curves in Fig. 18 show the difference between 
the worst and best daily load cycles found in service. 
The curve for the worst daily load factor is based on 
typical load and winding hot spot temperatures as 
shown in Fig. 19, for different load factors which corre- 
spond roughly to the load curves obtained from the 
New York Edison Company, although the lines have 
been smoothed out and reblocked in a manner to enable 
the calculations to be more easily made. It will be 
noted that there is quite a variation in the permissible 
peak loads between the extreme conditions. 

It is quite evident from the large differences in the 
values of permissible peak loads depending upon the 
shape of the load cycle that any rule expressing the 
overload as a function of the load factor must be very 


ie 


\ 


PEAK LOAD IN PER CENT OF RATING 


— 


aS 
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Fic. 18—Curves or Permisstpte Peak Loaps For VARIOUS 
Loap Facrors AND ASSUMED CONDITIONS 
1. Worst condition for weekly or seasonal cycle 
2. Worst condition for daily cycle 
3. Best condition for any cycle 
4. Assumed safe loads for condition (2) 
conservative; otherwise the transformer might be 
damaged. 


We might select the worst daily load cycle and formu- 
late a rule. This shows that we can place on a trans- 
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former 3 per cent above rated load for each 10 per cent 
decrease in the load factor below 100 per cent. Thus 
for example, at 80, 60, 40, and 20 per cent load factors 


8 
p.m. 


2 4 8 2 12 a Beh 24 12 


p.m. 


Fig. 19—Typican Loap anp Winpine Hor Srot TEMPERA- 


TURES FOR DIFFERENT LOAD Factors 


In each case the transformer ages at the rate which would occur with 
rated load on all the time 
Assumptions: 
Self-cooled transformers 
Core loss on all the time 
30 deg. cent. ambient temperature 
Ultimate full-load top oil rise is 40 deg. cent. 
Ultimate full-load hot spot over top oil rise is 25 deg. cent. 
Thermal time constant 3 hr. for top oil rise 
Thermal time constant 5 min. for hot spot over top oil 


SEP aT I) lm 


the peak overloads would be 6, 12, 18, and 24 per cent, 
respectively. 


PERMISSIBLE Kv-A. CAPACITIES FOR DIFFERENT LOAD 
FACTORS AND COOLING MEDIUMS TO PRODUCE 
APPROXIMATELY THE SAME DETERIORATION OF 
INSULATION AS FOR 100 PER CENT LOAD 
FACTOR IN AN AVERAGE COOLING MEDIUM 


We can now combine or add the 1 per cent and 3 per 
cent rules and construct a set of overload values for 
different ambient and load factor conditions that will 
be the equivalent in aging of 100 per cent load factor, 
limiting the load at 100 per cent load factor to 30 deg. 
cent. ambient for self-cooled and at 25 deg. cent. for 
water-cooled transformers. 

Table No. VI gives the various values of overloads of 
self-cooled transformers as a function of ambient tem- 
peratures and load factor conditions. 

Table VII gives the values for water-cooled 
transformers: 

Limiting the Load by Oil Temperature. ‘The most 
practical method of loading the transformer by its oil 
temperature is to provide a curve which gives the per- 
missible load without exceeding a definite maximum 
winding temperature or hot spot temperature for 
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various oil temperatures, assuming, of course, that the 
winding rise over the oil is constant. No definite rule 
can be stated that would cover all cases because the coil 
rise over the oil for a given load varies so greatly for 


TABLE V 
TRANSFORMER LOAD CURVES—N. Y. EDISON COMPANY 
Per cent 
Station Date Kind of service | load factor 
E 51st Street........ Oct. 30, 1924 Power & Lt. 60 
Bowervitt. crs Dec. 20, 1923 Power & Lt. 42 
CrosbD¥ini Sager aan July 15, 1924 Power & Lt. 49.5 
Wonkers' racecars June 20, 1922 Sugar Company 92 
Otis Elev. Co. Aug. 14, 1924 Industrial 34 
Otis Elev. Co........ Aug. 13, 1924 Industrial 32 
Cable Co., 133rd. 
Streetcm stance sak Sept. 6-14, 19 Industrial 60 
Williams Co., 177th 
Stroevin cates whee Sept. 18, 1924 Industrial 25.4 
Cons. Shipping, Corp.|Sept. 22, 1924 Industrial 42 
Am. Chicle Co....... Mar. 10-11, 1925 | Industrial 57 
Mie of [Ce sniyascnot June 28, 1923 Mfg. of Ice 93 
AM Eveready Oo.....|Mar. 2, 3, 4, 1925] Industrial 46 
Anchor Cap & Closure 
Oost a scies> Feb. 25, 26, 27, 
1925 Industrial 38.5 
Loft Candy Co...... Mar. 10, 11, ’25 Industrial 61.3 
TABLE VI 
SELF-COOLED TRANSFORMERS PEAK LOAD IN PER OENT OF 
NORMAL 
Ambient 
deg. cent. 0 10 20 30 
Load factor 
100 130 120 110 100 
80 136 126 116 106 
60 142 132 122 112 
40 148 138 128 118 
20 154 144 134 124 
TABLE VII 


WATER-COOLED TRANSFORMERS PEAK LOAD IN PER CENT 
OF NORMAL 


Ingoing water 
temperature 
deg. cent. 0 155 10 15 20 25 
Load factor 
100 125 120 115 110 105 100 
80 131 126 121 116 111 106 
60 137 132 127 122 iBiv4 112 
40 143 138 133 128 123 118 
20 149 144 139 134 129 124 


different transformers. Hence, in cases where this 
method is applied, the characteristics of the transformer 
in question must be carefully considered. Furthermore, 
if it is to be applied to a transformer which has been in 
service for a few years, the age of the transformer must 


be taken into consideration because it is obvious that a > 


transformer which has been in service 15 to 20 years, for 
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instance, cannot be safely loaded as high as a new trans- 
former. This method of loading a transformer by 
actual oil temperature rather than by oil temperature 
rise automatically includes all factors or conditions that 
affect the oil temperature or oil rise, such as the ambient, 


OIL TEMPERATURE DEG. CENT. 
wo 
Oo 


10 


a La] fake el a Sa 


100 110 120 130 140 
PER CENT LOAD 


Fic. 20—Curve SHOWING PER Cent LOAD THAT CAN BE HELD 


witHovut Hor Srot ExcEEDING 90 Dua. CrEnrt. 


Assuming: 
(1) 25 deg. hot spot rise over oil at 100 per cent load 
(2) Hot spot rise over oil varying as square of load 


rate of water flow in water-cooled transformers, or 
incrustation of cooling coils, ete. 

Fig. 20 shows a typical curve drawn up for a water- 
cooled transformer. This curve gives the loads which 
must not be exceeded for various oil temperatures. 
This curve obviously shows that as the oil temperature 


TEMPERATURE DEG. CENT. 


Z| 
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ePA mE At: eS 
sete oa a 
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Fig. 21—ANnnuaL VARIATION oF Maximum, MINIMUM, AND 


Mean Montruty ATMOSPHERIC TEMPERATURES 


For an outdoor location near the sea coast at about 40 deg. latitude based 
on records of 10 to 50 years 


increases, the permissible kv-a. load decreases. It 
does not mean, as might appear at first sight, that as 
the value of the load decreases the oil temperature 
increases, because the opposite of course is true. As 
stated above, this method of loading is applicable only 
to specific cases where the condition and characteristics 
of the transformer are known.. 
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‘ TABLE VIII 
MEAN BI-MONTHLY OUTDOOR TEMPERATURE DEG. CENT. 
Avg. No. 
Jan. March May July Sept Nov. annual temp. 
Location Max Min. Max Min Max Min Max Min Max Min Max Min Max Min 
Albany SNe YS chaycrea isin Seis > oles — 2.3] -—11 Wie! — 2.3| 23 10.5 27.5 Lb 23.8 13 9 1.0] 14.4 3.1 
Birmingham, Ala:2...<s..s 80-1 12. 3.5) 18.4 Meo Di id et 17 32 21 31.5 19.5 10 8.1] 23.4 12.8 
Bismarck, NAD) caccacronte.: = — 7.3| -—19.1 2 — 7.3] 20 8.5 27 13.2 23.5 9.3 4.5 — 3. 11.6 A 
Boiss; EdabO.s.... 2c. ce eee s — 2.4) -—11 8.6 — 0.5} 21 6.5 33 15.6 28 10 8.4 — 3. 16.1 3.0 
Boston} Mass )ireiecos oe ere ele 1.3) — 6.9 9 0 21.5 1g 26.5 18 23 14 Lee 3 16 6.5 
@harlestonSs Oho aa. kideleran 12.6 4.9} 19 age, 26.5 19 32 24 28.5 21.5 20 LEIS.) 2351 14.5 
Chicago Wlltn, <turace wetrareeceris a 0.5] — 8.5 7.5 MC Ose 6 14 26.5 19.8 24.5 anne 9.9 4 15.3 8.0 
Cleveland. Ohio ieee aes tea. 0.5| — 7.5 8.5 —1.0} 20 12.5 26 18. 15. 19 3.5 6.7] 12.2 8.0 
Plallas WV6xas'he si. dicce ee else es 10.5 2 19. 1.2) 28 19 34.5 23.5 32.5 20.5 19. 9 Zon 13.5 
GN Wer COOL Mies es alec os erste 4A, Soop Lis — 2.0] 20.7 8 29.5 15. 26 11.5 8.2 - 3 16.7 3.4 
Wetroiti MIG. wee oceeeis wales 0 — 8.9 (ACU) — 2.3} 22 12.5 27 18. 24.5 14.5 OF Ss pe Saye 6.1 
HMresnoniOalition, ao <5. kere cussaarayer 9.5 nN 16.5 6 27.5 12.5 38 19.5 35.5 17 tG;; &.5| 23.8 10.3 
NACESODVAUG; Ease ccs cis ayers ier: 16. 8. 22.5 14, 29. 20.5 32 23.5 28 21.5 22 14, 24,9 17 
ESOS VILLE MEO Vinnere seretareiciccs «ies 5.1] — 3.5] 14 5. 25.0 16. 30 20 27 17 pi ra) 5. 19.2 10 
Minneapolis, Minn........... — 6. —15. 4 — 3.5| 22.5 12.5 26.3 16 24.5 13 « 1.5] 138. 2.4 
New Orleans Laing, syd cave ge ons Wi 9.5) 21.5 12.5} 28 20.5 32 24.5 30.5 23.6 23 15,5) 25.3 NEW 
ENB Wied OFIGn NAGY, scree sie tavsrevee seus 2.0) — 5.3 9 1 22.5 12.6 26.5 18.5 23.5 3toy5 11 t Lona 8.7 
Oklahoma City, Okla......... 7 — 3.5] 15.5 3.0) 20. 15.5 34 21.6 32 18. 16 5. 21.5 10. 
Omaha, Nebraska............ 0 — 9.5| 10 0 23.5 13 28.5 18 27.5 16. 11 DD LO. O 6.5 
Philadelphia, Patraner score « 3 — 4 11 2 24.5 14 28.5 20 25 16.5 12.5 5 15.5 9.0 
PROSHIXWATIZ Aeon tec nienwice a6 16.5 2 21.4 6.5| 34 21 38 25.2 37.4 21.5 2125 4 28 15.2 
Bortland “Ores stic os ee tices) - 5.5} — 1.3] 10 3.5] 20 9 26.5 a 23.5 12 9.7 a,o) 16 6.7 
irealeietiy. ING Gy. canis esate « edie 8 — 5 17 6 26 15 30.6 21 26 17 16 5.5) 20.5 10.7 
See MOUs, MEO... tee oe eso 4.5) —.5.5| 12.2 4.6] 25.5 16 31 21 28.6 17.6 13 5.2) 16.8 10 
Spokane; Wash... o2..5.0.5.2.. — 2.2| -—10 7.5 | — 2.2] 19 6 31 15 24.5 9.5 5.3 — 1.5| 15. 3.0 


Average max. mean = 18.3 deg. 


Average min. mean = 


Cooling Medium Temperatures under Service Condi- 
tions. The two principal cooling mediums for trans- 
formers are, of course, air and water. The extreme 
annual temperature of the air throughout North 
America probably will range from 25 to 30 deg. cent. be- 
low, to 50 deg. above zero. In fact, the range is so 
large that it would be impracticable to consider any 
part but the general average or perhaps some value 
high enough to cover the greater part of the cases. 

Fig. 21 shows the annual variation of the maximum, 
minimum, and mean monthly atmospheric temperatures 
for an outdoor location near the sea coast (New York) 
at about 40 deg. latitude. These values were based on 
observations taken covering a period of 10 to 50 years. 
These curves show that the minimum value is — 4.5 deg. 
cent., and the maximum + 27.8 deg. cent., while the 
average of the minimum and maximum values are 
— 1.1 deg. and + 23.4 deg. cent. respectively. The 
general all year average is approximately 11 deg. cent. 
Table VIII gives the mean maximum and minimum bi- 
monthly outdoor temperatures as given by the Weather 
Bureau for the year 1922. The locations were selected, 
and weighted approximately according to the popula- 
tion of the United States. These figures show that the 
general annual outdoor temperature is about 13.2 deg. 
cent. The average indoor temperatures (7. e., in sta- 
tion,) while no figures are available are perhaps around 
25 deg. cent., though in some few cases it may be as 
high as 40 deg. cent., or in exceptional cases 50 deg. 
cent. for a part of the time. An average room tem- 
perature of 30 deg. cent. it appears would cover the 
great majority of both indoor and outdoor cases. 

The temperature of water used to cool water-cooled 


8.2 deg. 


and forced-oil-cooled transformers will range from 0 to 
perhaps 30 or 35 deg. cent. in extreme cases. An all 
year average is probably not over 15 deg. cent. 
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Appendix At 
RECOMMENDATIONS FOR THE OPERATION OF 
TRANSFORMERS, INDUCTION REGULATORS, 
AND REACTORS 


13-600 Limiting Observable Temperature of Oil. The 
oil in which apparatus is permanently immersed 
should under no circumstances have a temperature, 
observable by thermometer, in excess of 90 deg. cent. 
13-601 Operation at Rated Load. Apparatus con- 
forming with the Standards for rating is suitable 
for carrying rated load continuously provided that the 
temperature of the cooling medium does not exceed 40 
deg. cent. for air or 25 deg. cent. for water. 
13-602 Operation with Cooling Air and Water Exceeding 
40 Deg. Cent. and 25 Deg. Cent. Respectively. 
For apparatus conforming with the Standards for 
rating, the load should be reduced 2 per cent below the 
rated load for each degree that the temperature of the 
cooling air exceeds 40 deg. cent., or that the temperature 
of the cooling water exceeds 25 deg. cent. However, the 
use of apparatus in cooling water exceeding 35 deg. 
cent. or in cooling air exceeding 50 deg. cent. shall be 
considered as special. 


tAs published in A. I. EK. E. Journat, August, 1928. 
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13-603 Operation at Loads Greater than the Rated Load.* 

(a) Apparatus Not Equipped with a Winding 
Temperature Indicator:—Apparatus not equipped with 
a winding-temperature indicator may be loaded con- 
tinuously 1 per cent above rated load for each degree 
centigrade that the temperature of the cooling medium 
is below 30 deg. cent. for air or 25 deg. cent. for water. 

Thus, for example, when the temperature of the 
cooling medium is 0 deg. cent., the permissible continu- 
ous load is 130 per cent of rated load for air-cooled 
apparatus and 125 per cent of rated load for water- 
cooled apparatus. 

Loads greater than 130 per cent of rated load for air- 
cooled apparatus or 125 per cent of rated load for 
water-cooled apparatus shall not be applied under any 
conditions even though the temperature of the cooling 
medium be lower than 0 deg. cent. 

(b) Apparatus Equipped with a Winding-Tempera- 
ture Indicator: Apparatus equipped with a winding- 
temperature indicator may be loaded continuously 
in excess of rated load provided the indicated winding- 
temperature does not exceed the following limits: 

For indicators marked in terms of: 


Hottest-spot temperature........... 95 deg. cent. 
Embedded detector temperature.... 90 deg. cent. 
Resistance method temperature. .... 85 deg. cent. 


(ec) Oil temperatures: Oil temperature alone is an 
inadequate criterion of the winding temperature because 
of the increased temperature drop through the insula- 
tion at low temperatures of the cooling medium and of 
the time lag between the winding and oil temperatures. 
Loading apparatus on the basis of oil temperature alone 
as a guide is not recognized by the A. I. E. E. 


13-604 Conditions Affecting Constructional or Protective 
Features. There are conditions which, while 

not usually affecting the rating, may require special 

consideration, principally with respect to constructional 

or protective features. Where such conditions exist 

it is recommended that they be brought to the manu- 

facturer’s attention. 

Among such conditions are: 


(a) Exposure to damaging fumes. 
(b) Operation in damp places. 

(c) Exposure to excessive dust. 
(d) Exposure to gritty dust. 


*Since the operation of apparatus at loads greater than rated 
load increases the probability of maintaining the limiting tem- 
perature for a greater portion of the time, and because the life of 
insulation is a function of both its temperature and the time of 
subjection to that temperature, the operating temperature of 
the winding should be limited to a lower value than for operation 
in which the rated load is never exceeded. 

Also, under these conditions, the temperature difference be- 
tween the observable temperature and the hottest spot tempera- 
ture increases. 

For these reasons, the limits specified in Par. 13-603 which are 
10 deg. cent. lower.than the highest observable temperature 
recognized for apparatus whose rated load is never exceeded, 
have been agreed upon for purposes of standardization. 
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(e) Exposure to steam. 

(f) Exposure to excessive oil vapor. 

(g) Exposure to explosive gases. 

(h) Exposure to salt air. 

(i) Exposure to abnormal vibration or shocks. 
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Discussion 


F. W. Gay: For the last ten years, the operating man has 
been asking for increased ratings on transformers operating at 
low ambient temperatures. Up to the present time the designers 
have not seemed to fully realize the importance of such increased 
ratings. Twenty-five years ago power was generated and dis- 
tributed at 2400 volts and was either used directly by the cus- 
tomer at this voltage orit passed through only one transformation. 
In the next step, power was generated at 13,200 volts and was 
distributed to substations where it was stepped down to 2400 
volts and distributed as before. These early substations fed 
both industry and domestic consumers so that the individual 
used power from a substation during his working hours at the 
factory or office and from the same substation at his home during 
the night. At the present time power is generated at 13,000 to 
22,000 volts, then passes through transformers and is stepped up, 
as for instance to 66,000 or 132,000 volts, it is then carried a few 
miles and again transformed to say 13,200 volts. It is then 
distributed to substations and still again transformed to say 
4150 volts. It is then distributed and still again transformed to 
the customer’s voltage. In addition to this multiplication of 
voltage transformations, the citizen has changed his habits of 
living so that now he requires service from two substations. 
One must supply him with power at office and factory and is 
practically shut down during the night while another substation 
in the suburbs supplies his night requirements. The utilities 
are forced to use many times as many transformers today as 
were used twenty-five years ago for an equivalent service. 


Another factor which is operating to increase the transformer 
costs on the utilities’ system, is the demand for reduced core loss. 
In the last 25 years the core losses on power transformers have 
been reduced approximately 50 per cent. This has been accom- 
plished in part by the use of low loss iron and in part by a reduc- 
tion of magnetic densities in the core. For instance, it is entirely 
practical to manufacture a transformer operating with a core 
density of 15,000 gausses. It is probable, however, that the best 
grades of modern power transformers operate more nearly at 
7500 gausses. 

We suggest that transformers be designed having two coils per 
winding, adapted for series multiple operation so that a trans- 
former may be operated at say 7500 gausses at light load (coils 
in series) and at say 15,000 gausses at heavy loads (coils in 
parallel). It would thus be possible to double the output of a 
transformer bank without any sacrifice in efficiency. 

For instance, consider a 30,000 kv-a. transformer bank operating 
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normally (at light load) with core density at 7500 gausses 
and with coils in series and having a core loss of 100 kw. and a 
copper loss of 200 kw. Such a transformer when operating at 
60,000 ky-a. with coils in multiple and with core density at 
15,000 gausses would have its core loss pushed up approximately 
four times, that is to 400 kw. and its copper loss would be the 
same, that is, 200 kw. The total loss at 60,000 kv-a. would, 
therefore, be 600 kw. and the efficiency of the transformer at 
double rating would be the same as it is at its normal rating. It 
would only be necessary to provide additional radiation to care 
for the additional heat generated. 

It may be argued that the 30,000 kv-a. bank under favorable 
conditions of ambient temperature will carry 40 per cent overload 
or 42,000 kv-a. I should like to call your attention to the fact 
that this same 30,000 kv-a. transformer bank when equipped 
with series multiple coils and operated at 60,000 kv-a. (coils in 
multiple) has the same current density in the copper at 60,000 
kv-a. as at 30,000 ky-a. (coils in series). I claim that such a 
transformer if properly cooled may also carry 40 per cent overload 
or 84,000 kv-a. 

What we, as operating men, want is substantially twice as 
much transformer for a dollar and we don’t want to sacrifice 
anything in efficiency either. 

D. B. Fleming: Mr. Montsinger, discussing the effect of load 
factor on the temperature of the transformers, in Fig. 19 of his 
paper shows the variation of the hot-spot temperature of the 
winding for load of various load factors. The data on hot-spot 
temperature for the above conditions is assumed to be calculated. 
A number of years ago the engineers of the Hydro Electric Power 
Commission of Ontario, discussing the problem concluded that 
transformers might be operated above their nameplate rating if 
the load factor of the load through them was less than 100 per 
eent. In order to determine the amount by which the trans- 
former could be overloaded, a number of tests was made on 
self-cooled, oil-immersed transformers, subjecting the transform- 
ers to a load eycle similar to that obtained under service 
conditions. These transformers had various ratings from 150 to 
250 kv-a. and were of different manufacture. The guaranteed 
temperature rise on the transformers tested was 40 deg. cent. 
with a two hour overload rating of 25 per cent with 55 deg. cent. 
rise. The load factor for the load cycle was 60 per cent approxi- 
mately and the maximum overload placed on the transformer 
was 35 per cent for one hour. During the test, the rise by re- 
sistance on the high-voltage and low-voltage windings and the 
temperature of the cooling oil were measured at selected intervals. 
The maximum temperature rise which occurred on the high- 
voltage winding, was 42 deg. cent. The tests on the various 
transformers gave uniform results although the ratios of the 
weights of copper and iron and also the division of loss between 
core loss and copper loss were somewhat different. 

The results of these tests indicated that with self-cooled oil- 
immersed transformers, it would be possible to load the trans- 
formers above its continuous rating if the load factor was reduced 
at the same time. 


We agree with Mr. Montsinger in that the large difference 
in the value of permissible peak load depending upon the shape of 
the load eyele, requires that any rule expressing the overload as a 
function of the load factor should be very conservative. In our 
test the load cycle to which the transformers were subjected was 
made more severe than usually found in practise in that the 
duration of the maximum overload was increased from the usual 
20-minute peak encountered, to one hour. 


As a result of these tests, we are satisfied to allow transformers, 
as a general rule, to carry 25 per cent in excess of what had been 
the practise formerly. Of course, each case is considered in- 
dividually and if the load cycle or other factors are materially 
different from the average, special consideration is given to these 
eases. 

Our experience in loading transformers including up to 110-kv. 
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ratings by temperature indicates that it is highly desirable to load 
transformers by this method. This method should be highly 
recommended as it postpones capital expenditures for additional 
capacity without apparently shortening the life of the trans- 
formers. 

The above considers only the effect of various load factors on 
the permissible loading of transformers. It is well known that 
the seasonal cycle on transformers usually is such that the 
transformers are most heavily loaded when the ambient tempera~ 
ture is lowest. Advantage should be taken of conditions of this 
kind. We are very pleased to see some action being taken in 
this direction in an effort to establish some standard practise that 
will not shorten the life of the transformer, and yet maintain the 
cost of transformation at a minimum. 

C. J. Fechheimer: I ask Mr. Montsinger whether he 
considered the absorption of the casing of the transformer if 
exposed to strong sun rays. Mr. Montsinger states that for 
forced cooling the exponent is unity. I think that it is usually 
less than unity; generally it is of the order of 0.8 in so far as heat 
transfer is concerned and the exponent is unity for the tempera- 
ture rise of the air. 

There is a statement in Mr. Montsinger’s paper to the effect 
that it appears from the data now obtained, if ordinary fibrous 
material were operated for a hundred years or so, it would be 
worthless. That may be true if the operation is under oil, but we 
have all seen tapestries and linens of various kinds in museums 
that are several hundred years old and still seem to be in good 
condition. I should like to hear Mr. Montsinger’s views. 

W. M. Dann: This is a very comprehensive paper on tem- 
perature effects in transformers. Itincludesa number of the facts 
and theories which were considered by the subcommittee in 
framing the Institute’s operating recommendations for trans- 
formers and I think it surely will show that those reeommenda- 
tions are not based entirely on guess work. 

The constants for cooling with different tank surfaces which 
are given on page 782 are pretty well recognized as being sub- 
stantially correct. I notice that the constants for winding rises 
are classed in two different classifications, first, for transformers 
having vertical coils and second for transformers having hori- 
zontal coils, and there is a difference in the constants for the two 
classifications. These constants as they are set forth may be 
good average figures for the transformers which were used in 
getting these data together, but if they are intended to apply to 
types of transformers in general, I think they are open to question. 


I have in mind particularly the constant n’ for the so-called 
vertical coils. I presume this classification includes transformer 
windings having long cylindrical coils with their axes in a vertical 
direction and those types in which large flat disk type coils are 
used mounted in a vertical plane; if these types are included in 
the classification, then I think that the constants should be 
questioned because there is plenty of evidence from experimental 
testing and actual design work, to show that winding tempera- 
tures with these types of winding do not increase as rapidly as the 
first power of the load, or as of the square of the load current; 
in other words, the constant one for n’ is too high for this type of 
winding. In general, winding temperature rises in such trans- 
formers increase less rapidly than the first power of the load or 
the square of the load current. Standard design data used every 
day by design engineers represent n’ constants which are always 
less than 1. Sometimes they are even less than the 0.8 figure 
given in the paper for horizontal coils. 

There are reasons for making this condition true because with 
the vertical coils there is a certainly a fine opportunity for an 
excellent circulation of the oil. Also there is every opportunity 
for heat in the upper parts of the coil to flow to the cooler parts 
of the coil at the bottom which tends towards an equalization 
and a reduction of temperatures. 

The data given on page 4 in the table simply show what the 
calculated results would be if one used either a constant of 1 or a 
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constant of 0.8. This comparison is interesting but it isn’t of 
practical importance because it does not represent general 
experience; the rather extensive tabulations on page 781 are 
important, as Mr. Montsinger has said, as showing the trend of 
loading possibilities, but the results cannot be taken as being 
accurate because they are based on calculations which in turn 
are based as a starting point on questionable constants. Mr. 
Montsinger himself says in the paper that the constants are 
approximate. 

I think it is a fine thing to have in one paper so many data 
relating to this problem of loading according to temperature; 
for instance, the typical load charts, the figures relating to tem- 
peratures throughout the whole country, and the very important 
data on the deterioration of insulation. 

The idea of combining an element of load factor along with the 
rating is also very cleverly worked out and as we go further in the. 
practise of loading by temperature, this idea may become 
quite useful. 

C. A. Adams: I want to say just a word in support of the 
30-degree limit and as evidence cite some of the curves in Mr. 
Montsinger’s paper. 

On page 784 the curve in the lower right-hand side shows that 
the presumable life of Class A insulation in oil at 105 deg. cent. 
is seven years; in other words, it would not be feasible to operate 
a transformer continuously with the insulation at that tem- 
perature. 

On page 788 the curves of mean temperatures throughout the 
year show that the maximum average is only 27 degrees. In 
other words, the actual maximum ambient temperature at which 
these transformers operate now, with the exception of short 
intervals of unusually hot weather, is 27 degrees and not 40 de- 
grees, so that our operating experience up to the present time 
does not warrant us in starting with a 40-degree ambient base 
from which to calculate the allowable overload for lower tem- 
peratures. It doesn’t follow, of course, that on this account 
transformers cannot be operated at higher temperatures than at 
present, but it seems to me highly important that the upper 
limit, the base limit, so to speak, on which we figure the tem- 
perature for overloads, should be 30 degrees and not higher. 

C. M. Gilt: The paper presented by Mr. Montsinger is an 
interesting and valuable contribution to the most economical 
operation of electrical equipment. Standards for rating set up 
more or less arbitrary conditions which are never encountered in 
commercial operation. The guides for operation which are 
presented afford an incomplete but helpful means of interpreting 
the Standards in terms of operating conditions and can well 
be associated by the Institute with the Standards themselves. 

It seems to me somewhat unfortunate, however, that it con- 
tains the inconsistency of recommending operation at 95 deg. 
cent. hot-spot temperature for all ambients of 30 deg. cent. and 
less and permitting 105 deg. cent. when the ambient is above 30 
deg. cent. If experience proves that 95 deg. cent. is the maxi- 
mum hot-spot temperature at which the equipment can be 
operated continuously with reasonable life, it would seem desir- 
able to recommend against operation above 95 deg. cent. when 
the ambient is above 30 deg. cent. Certainly, this paper indi- 
eates the desirability of abandoning the term ‘“‘continuous”’ or 
“maximum” rating if it is recognized that 105 deg. cent. is too 
high for ‘“‘continuous”’ service according to the dictionary mean- 
ing of ‘‘continuous.”’ 

It may very well be that we have been expecting too much life 
from some of our equipment and it is certainly true that in this 
rapidly growing industry much equipment is discarded due to 
obsolescence before its serviceability has been impaired by 
operation. ‘The ideal of course would be to have a piece of 
equipment worn out at the time it is retired as an antique. 

There is much to be learned from the use of equipment under 
conditions which approach continuous service at maximum 
operating temperatures and it is undoubtedly desirable to be 
somewhat conservative while obtaining this experience. Cer- 
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tainly, the recognition of logical operation is a step in the right 
direction of getting the maximum kilowatt hours of service per 
dollar of investment. 

V. M. Montsinger: With reference to the first discussion by 
Mr. Gay, the 10 deg. reduction does not apply to rated load. 
The rules say that rated load can be maintained continuously in 
any ambient not over 40-deg. cent. The 10 deg. reduction 
applies when the maximum temperature is maintained con- 
tinuously by means of overloads. Considering the fact that the 
rules, allow 25 per cent to 30 per cent overloads in cool ambient 
temperatures, I think the operator has gained more than he has 
lost. I believe that on the whole it will result in a higher load 
factor. ; 

I was quite interested in what Mr. Gay had to say about the 
possibilities of increasing the loads up to double capacity by 
changing the ratio of losses. 

Mr. Fleming discussed the question of governing the load by 
load factor conditions. I agree that under certain conditions 
it should be perfectly legitimate to allow greater overloads where 
the load factor is low than where the load factor is high. I tried, 
however, not to give the impression that we could give a single 
rule that would cover every case. Before attempting to do this, 
the conditions should be carefully analyzed. Mr. Fechheimer 
mentions the question of absorption of the sun on transformers 
operating in hot sections of the country. Recently I gave a 
paper before the Institute on the effect of color on transformers 
in service. The conclusion given in this paper was that when 
operating in the sunshine it makes very little difference whether 
the tank is painted black, gray, or aluminum. 

In connection with the value of the exponent for forced cooling, 
I have found that for forced cooling either of air or liquids the 
value of the exponent is very close to unity, whereas the value is 
less than unity for natural cooling. 

Whether insulation will last 100 years when immersed in oil is 
a very difficult matter to answer because we have not had oil 
immersed transformers for this length of time. As pointed out in 
the paper, since insulation appears to age faster in oil than in air, 
IT question very much whether it would be possible to build a 
transformer and insulate it so that it would have the life of some 
of these tapestries mentioned by Mr. Fechheimer. 

Mr. Dann questions the values of n for vertical coils. My 
experience has shown that if we use the average oil temperature, 
the value of n is sometimes as low as 0.7. If the top oil tempera- 
ture is used, the value of n is generally a little less than unity— 
perhaps 0.95 is more nearly correct, but in the interests of sim- 
plicity I used the value of 1.0. These values, as pointed out in 
the paper, apply to core type transformer coils, but in view of the 
fact that the cooling of long, vertical cylindrical windings should 
be governed by the same laws as those applying to vertical shell 
type coils, I am unable to see why there should be any large 
difference in the values of the exponents for the two kinds of 
vertical coils. JI have conducted many tests and have analyzed 
many more tests made at different loads and have never found 
that the value of the exponent was lower than 0.9, generally 
being between 0.9 and 1. 

The reasons given by Mr. Dann, as to why we would expect 
to find a low value of n for vertical coils, I rather question for the 
following reason. The rate of heat dissipation from the windings 
to the oil for the different loads under question is purely relative. 
For the condition where the relative rate increases most we would 
expect to find the lower exponent value. It seems to me to be 
entirely reasonable to expect that starting with a low load and a 
relatively cool oil, the chance for improvement in the thermal 
cooling would be better with horizontal coils than with vertical 
coils on account of the fact that the oil is becoming heated up, its 
viscosity is decreasing and it is easier and easier, relatively 
speaking, for the oil to escape more rapidly as the load increases. 
This is the only reason that I have been able to attribute to the 
difference in the values of the exponents for the two different 
kinds of windings. 
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Synopsis.—This paper discusses a proposal, sponsored by the 
Transformer Subcommittee of the Committee on Electrical Machin- 
ery, which is intended to serve as a guide in operating transformers 
by temperature rather than in accordance with their nameplate 
ratings. 

There is a real: difference between ‘‘rating standards” and ‘‘recom- 
mendations for operation;’’ one simply specifies the measure of a 
machine under a definite set of conditions and the other constitutes 
a guide for loading under the varying conditions of actual service. 
With this difference in mind, a departure from the practise of the 
Institute up to this time is suggested; namely, that these operating 
recommendations be placed in an appendix of the Standards and 
considered not as rating standards but purely as a guide in loading 


HE A. I. E. E. Standards for Transformers have 
T served a useful purpose in setting up recognized 

specifications for ratings and acceptance tests: 
they have brought about a uniform rating practise 
which makes it possible for the manufacturer more 
nearly to standardize his product and for the purchaser 
to know.what he is buying and compare bids 
intelligently. 

For rating purposes, the Standards recognize a maxi- 
mum hottest-spot temperature in the windings of 105 
deg. cent. set a number of years ago at what was 
thought to be the limit of temperature to which fibrous 
insulation should be subjected continuously for reason- 
able deterioration. The elements of temperature 
represented by these Rating Standards are as follows: 


Air blast and 


oil-insulated Oil-insulated 
self-cooling water-cooled 
Ambient temperature............ 40 deg. cent. 25 deg. cent. 
Temperature rise....:-..++-.++.-- 55 55 
Limiting observable temperature... 95 80 
Margin for hot spots............- 10 10 


*90 


*Since water-cooled transformers are dependent upon artificial 
means of cooling that might be interrupted and involve a cooling 
system that might deteriorate on account of seale or deposit 
from water containing impurities, the Standards for Rating 
provide for them an extra margin of 15 deg. cent.; this results 
in a uniform standard temperature rise of 55 deg. cent. for both 
water-cooled and self-cooled transformers. 


Maximum limiting temperature... 105 


It is obvious that if the ambient temperature in 
actual operation is lower than that used in the rating 
scheme, the hottest spot temperatures of the windings 
in a transformer meeting the Rating Standards will be 
less than the maximum limiting temperature of the 
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transformers which have been designed to meet the Standards of Rating. 

One of the first things that had to be done in framing these recom- 
mendations was to settle the maximum safe limiting temperature 
of the windings for operation in actual service. The aim in making 
this selection was to provide for reasonable deterioration of the 
insulation and therefore a reasonably long life for the transformer. 
For reasons disclosed in this paper, a limiting temperature of 95 
deg. cent. was adopted. This limit is 10 deg. below that used in 
the Standards for Rating. 

These are the high points of the proposal. But opinion on these 
matters seems to be rather divided throughout the industry, and the 
purpose of this paper is to bring them to the attention of all members 
of the Institute. 


scheme. If the limiting temperature of 105 deg. cent. 
is actually a safe maximum temperature for continuous 
operation, then it follows that the load may be increased 
above the nameplate rating to the point where the 
limiting temperature of 105 deg. cent. is reached. 


It has.been recognized for a long time that extra out- 
put is available when the ambient temperature is low. 
But no simple and usable rules have ever been estab- 
lished which would give the operator of a transformer a 
chance to make use of this extra output to suit his own 
conditions of ambient temperature. For some time 
there has been a strong feeling that an authoritative set 
of rules defining a reasonable practise of this kind ought 
to be available. 


The Transformer Subcommittee? of the Committee on 
Electrical Machinery recently spent over two years in 
preparing a guide for the loading of transformers in 
actual service, with the hope of formulating a simple set 
of rules which would allow this latent capacity to be 
used. These rules were published tentatively in the 
August 1928 issue of the A. I. E. E. JOURNAL, and they 
also appear in the Report on Standards for Trans- 
formers, Induction Regulators, and Reactors dated 


- August 1928. They are reproduced here in order to 


make direct and connected references to them. 
Appendiz.—Recommendations for the Operation of 
Transformers, Induction Regulators, and Reactors. 
13-600 Limiting Observable Temperature of Ou— 
The oil in which apparatus is permanently 
immersed should under no circumstances have a tem- 
perature, observable by thermometer, in excess of 
90 deg. cent. 
“13-601 Operation at Rated Load— 
“Apparatus conforming with theStandardsfor 
Rating is suitable for carrying rated load continuously 
provided that the temperature of the cooling medium 


2. Members of the Subcommittee completing the work were: 
W. H. Cooney, J. B. Gibbs, J. Allen Johnson, A. H. Kehoe, 
H. C. Louis, V. M. Montsinger, L. C. Nichols, and W. M. Dann. 
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does not exceed 40 deg. cent. for air or 25 deg. cent. 

for water. 

“13-602 Operation with Cooling Air and Water Exceeding 
40 Deg. Cent, and 25 Deg. Cent. Respectively— 

“For apparatus conforming with the Standards for 
Rating, the load should be reduced 2 per cent below the 
rated load for each degree that the temperature of the 
cooling air exceeds 40 deg. cent. or that the temperature 
of the cooling water exceeds 25 deg. cent. However, 
the use of apparatus in cooling air exceeding 50 deg. 
cent. or in cooling water exceeding 35 deg. cent. shall be 
considered as special. 

“13-603 Operation at Loads Greater than the Rated 
Load*— 

(a) Apparatus Not Equipped with a Winding- 
Temperature Indicator:—Apparatus not equipped with 
a winding-temperature indicator may be loaded con- 
tinuously 1 per cent above rated load for each degree 
centigrade that the temperature of the cooling medium 
is below 30 deg. cent. for air or 25 deg. cent. for water. 


“Thus, for example, when the temperature of the 
cooling medium is 0 deg. cent., the permissible continu- 
ous load is 180 per cent of rated load for air-cooled 
apparatus and 125 per cent of rated load for water- 
cooled apparatus. 

“Loads greater than 130 per cent of rated load for 
air-cooled apparatus or 125 per cent of rated load for 
water-cooled apparatus shall not be applied under any 
conditions even though the temperature of the cooling 
medium be lower than 0 deg. cent. 

“(b) Apparatus Equipped with a Winding-Tempera- 
ture Indicator: Apparatus equipped with a winding- 
temperature indicator may be loaded continuously in 
excess of rated load provided the indicated winding- 
temperature does not exceed the following limits: 

“For indicators marked in terms of 


Hottest Spot Temperature...........95 deg. cent. 
Embedded Detector Temperature....90 deg. cent. 
Resistance Method Temperature. .... 85 deg. cent. 


“‘(¢) Oil Temperatures: Oil temperature alone is an 
inadequate criterion of the winding temperature because 
of the increased temperature drop through the insula- 
tion at low temperatures of the cooling medium and 


*Since the operation of apparatus at loads greater than 
rated load increases the probability of maintaining the limiting 
temperature for a greater portion of the time, and because the 


life of insulation is a function of both its temperature and the 


time of subjection to that temperature, the operating temperature 
of the winding should be limited to a lower value than for opera- 
tion at rated load. 

Also, under these conditions, the temperature difference be- 
tween the observable temperature and the hottest-spot tempera- 
ture increases. 

For these reasons, the limits specified in Para. 13-603, which 
are 10 deg. cent. lower than the highest observable temperature 
recognized for apparatus operated at rated load, have been 
agreed upon for purposes of standardization. 


DANN: OPERATING TRANSFORMERS BY TEMPERATURE 


Transactions A. I. E. E. 


of the time lag between the winding and oil tempera- 
tures. Loading apparatus on the basis of oil tempera- 
ture alone as a guide is not recommended.” 


RATING STANDARDS AND RECOMMENDATIONS FOR 
OPERATION 


There is a distinct difference between rating standards 
and authorized rules for operation. Standards for 
Rating simply prescribe a measure of a machine under 
fixed and definite conditions. These conditions may 
not, in fact they cannot, represent actual operating 
practise, because in real service, load demands are 
usually variable and ambient temperatures are not fixed, 
but rather are changing from hour to hour. Rules for 
operation should take these changing conditions into 
account. Therefore, while the two sets of rules are not 
unrelated, they cannot be one and the same thing. 
For these reasons, the proposed recommendations for 
loading transformers by temperature are not to be 
looked upon as rating standards. They are not in- 
tended to be used in the purchase of transformers or to 
establish performance which is subject to guarantee 
and demonstration by test. They are offered simply as 
recommendations for guidance in the safe operation of 
transformers in service under various conditions of 
ambient temperature. 


It has been planned that if these recommendations 
are to be sponsored by the Institute, they should be 
separate and apart from the rules devoted to Rating 
Standards, and they have been tentatively placed in an 
appendix to Section 18. In the discussion following 
the preliminary publication, the opinion has been 
rather strongly. expressed that service recommendations 
of this kind should not be included in the Institute 
Standards even when definitely set apart from the 
Rating Standards. This opinion is based upon the 
principle that the scope of the Institute Standards is 
limited to the defining of Rating Standards. At the 
same time there is an opinion from other quarters that 
the Institute should go further than simply to set up 
arbitrary rating standards; that it is proper for it to 
sponsor and authorize recommendations for the actual 
operation of machines that are designed in accordance 
with the Rating Standards. In the face of these con- 
flicting opinions it becomes a matter that the Institute 
as a whole should become interested in. The broader 
question developed requires serious consideration be- 
cause of the possibility of extending the principle to 
other applications. 

The proposed loading recommendations for trans- 
formers are based upon engineering data, and actual 
loading experience has been taken into account as far 
as it has been possible. The purpose of this paper is 
to discuss and interpret the recommendations without 
going into detail as to the data upon which they are 
based. These data are well illustrated in a companion 
paper on the subject being presented at this time by 
V. M. Montsinger. 
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LIMIT OF SAFE OPERATING TEMPERATURE 


The first thing that must be settled when considering 
recommendations for loading transformers by tempera- 
ture is the maximum safe operating temperature limit, 
because temperature affects the rate of deterioration of 
the insulation, and, barring accidents, it is the thing 
that determines the useful life of a transformer. In 
trying to decide this question, one naturally turns to 
previous experience for guidance. Heretofore the use- 
ful life of transformers, speaking generally, has been of 
satisfactory length, and we have not been hampered by 
rapid deterioration of insulation. However, operating 
experience has been confined practically to loads which 
have not exceeded nameplate ratings, and average 
loadings have been even less. Couple these considera- 
tions with the fact that ambient temperatures are 
usually less than those of the Rating Standards, and it 
is found that experience has in general been limited to 
. moderate temperatures, temperatures that are con- 
siderably lower than the limit of 105 deg. cent. which 
was adopted for rating purposes. As a result, no one 
knows definitely from broad general operating experi- 
ence just where the maximum limit of temperature for 
continuous loading should be set to maintain reasonably 
long useful life. 

A higher level of operating temperatures will be the 
natural result of loading transformers by temperature, 
because in general greater loads will be carried. The 
copper losses increase with the square of the increase of 
load current, and the rise of temperature of the windings 
increases almost as rapidly. New and unknown factors 
affecting experience are introduced, and these factors 
have an influence upon the rate of deterioration of the 
insulation. 

Taking all of these things into account, it was deter- 
mined that conservatism should be the keynote of 
these loading recommendations. In keeping with this 
decision, a maximum limit of 95 deg. cent. for the hot- 
test spot temperature was adopted for operation in- 
stead of the 105 deg. limit used for rating purposes. 
When more experience with the higher level of operating 
temperature is accumulated, it will be possible to set 
the limit with greater confidence. It is not impossible 
that eventually a limit of 105 deg. cent. for actual 
operation may be found to result in reasonably long 
useful life. 

The difference between the temperature limit for 
rating and this proposed limit for operation has caused 
considerable discussion since the preliminary publica- 
tion of the loading recommendations. It has been said 
that this difference is illogical; that when one buys a 
transformer meeting the Standards for Rating he is 
entitled to operate it up to the limit of 105 deg. cent. 
continuously because that is what he has bought and 
paid for. If the point has been successfully made in 
the preceding discussion that there is a clear-cut dis- 
tinction between standards for rating, which simply 
set a measure for uniformity in design, and recommen- 
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dations for operation, which are intended to serve as a 
guide in actual operation with all its varying conditions, 
perhaps it will be conceded that a greater margin of 
safety is justified in the operating recommendtions 
until experience has demonstrated whether or not it is 
needed. 


OPERATION AT LOADS GREATER THAN THE RATED LOAD 


There are two general classes into which transformers 
may be divided when considering operation by tempera- 
ture above the rated load: first, that large class of units 
that either have no temperature indicators or are 
equipped with indicators that simply show the tempera- 
ture of the oil; second, the rapidly increasing class of 
units that are equipped with winding temperature in- 
dicators, giving an indication in some degree of the 
approximate temperature of the windings. 

For the first class of transformers, paragraph 13-603 
(a) provides a simple rule which allows one to determine 
what load may be carried with any prevailing condition 
of ambient temperature. Within the limits of the 
recommendations, the ‘‘1 per cent rule’”’ conforms quite 
reasonably in its results with the adopted maximum 
limit of 95 deg. cent. 


No loading above the rated load is recommended for 
air cooled apparatus unless the ambient temperature is 
below 30 deg. cent., and this may need explanation. 
If continuous loading above the nameplate rating were 
to be recommended between ambient temperatures of 
30 deg. and 40 deg. cent., hottest spot temperatures of 
the windings might exceed the limit of 95 deg. cent. 
adopted for operation, and the conservatism of the load- 
ing recommendations would not be followed out. Air 
temperatures in the United States, speaking generally, 
are not as high as 40 deg. cent. They usually do not 
exceed 20 deg. or 25 deg. cent. except in the warmest 
periods. Most of the operating experience has there- 
fore been with temperatures of a moderate order. If 
loads were to be increased for all ambient temperatures 
below 40 deg. cent., in accordance with the “‘1 per cent 
rule,” it would mean that most of the self cooling trans- 
formers now in service could immediately be loaded 
well above their nameplate ratings. Following out the 
principle of conservatism, it was thought better to 
avoid such a wholesale overloading until more operat- 
ing experience in loading by temperature has been 
accumulated. 

For ambient temperatures below 0 deg. cent., there 
is of course some additional overloading possible within 
the adopted limiting temperature. However, for con- 
servation, overloading is limited in the recommendations 
to that prescribed for 0 deg. ambient. 

Paragraph 13-603 (b) describes the permissible load- 
ing above the nameplate rating for the second general 
class of transformer apparatus, 7. e., for apparatus 
equipped with a winding-temperature indicator. The 
principle of limiting hottest spot temperatures to the 
adopted figure of 95 deg. cent. is carried out in this 
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paragraph, but the actual limiting temperature depends 
upon the temperature that the instrument really mea- 
sures, due to its construction and application. 

Three different types of winding-temperature indica- 
tors are used for power transformers at the present time, 
each type indicating a different degree of winding 
temperature. For that reason, three different limiting 
temperatures were established, each one relating defi- 
nitely to the kind of instrument used. The following 
short descriptions will show why these indicated tem- 
perature limits are different: 

95-deg. Limit—One manufacturer provides a wind- 
ing-temperature indicator marked in terms of the 
hottest spot temperature. It includes in its calibra- 
tion the 10 deg. margin above the average winding 
temperature at full load which the A. I. E. E. Standards 
recognize as the conventional allowance for hot spots. 
The limiting temperature for this type of indicator is 
set at 95 deg. cent. 

90-Deg. Limit—Another manufacturer provides a 
winding-temperature indicator which uses a long strip 
of high resistance metal wound in with the turns of a 
coil, usually the top coil of a stack. This strip of metal 
forms one of the arms of a Wheatstone bridge. It 
gets its temperature very largely through the insulation 
of the conductor with which it is in contact. It 
measures something between the hottest spot tempera- 
ture and the average temperature of the windings by 
the resistance method. 

The limiting temperature for this type of winding- 
temperature indicator is set at 90 deg. cent. because 
parts of the copper in the windings will be somewhat 
higher in temperature than that indicated. 

85-Deg. Limit—A third manufacturer provides an 
indicator having a heating coil which adds to the oil 
temperature an increment representing the difference 
between the average winding temperature and the oil. 
It indicates the average temperature of the winding as 
it would be measured by the resistance method without 
any allowance for hot spots. 

The limiting temperature for this type of indicator 
is accordingly set at 85 deg. cent. 

Transformers may be safely loaded up to these limit- 
ing indicated temperatures regardless of what the 
ambient temperature may be. 


OPERATION AT RATED LOAD 

Paragraph 18-601 provides that a transformer con- 
forming with the Standards for Rating is suitable for 
continuous operation at rated load if the ambient 
temperature does not exceed 40 deg. cent. for air or 
25 deg. cent. for water. Assuming the conventional 
allowance of 10 deg. for hot spots, this statement as it 
applies to a self-cooling transformer is not consistent 
with the adopted hottest spot temperature limit of 
95 deg. cent. for operation. 

However, something may be said in defense of this 
inconsistency. For loads not exceeding rated load, the 
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actual difference between the hottest spot temperature 
of the winding and the temperature of the oil (which 
increases very rapidly with overloads) is usually less 
than contemplated by the Rating Standards and is not 
a matter of concern. Also, the operation of standard 
transformers at rated loads has been satisfactory in the 
past for the conditions of actual service and bids fair 
to continue to be satisfactory in the future. 

An inconsistency of some kind is inevitable when the 
limiting temperatures for rating and for operation are 
different, and for the reasons given it was thought 
better to be consistent with the Standards for Rating 
in the case of rated load operation rather than with the’ 
adopted operating limit of 95 deg. cent. 


OPERATIONS WITH AMBIENT TEMPERATURES ABOVE 
THOSE OF THE RATING STANDARDS 


Paragraph 13-602 was designed to include the unusual 
cases where ambient temperatures exceed those set 
by the Rating Standards. Since the 1 per cent rule 
is an approximation which gives conservative results 
for overloads as recommended for low ambients but not 
for partial loadings at high ambients, it was necessary 
to make a reduction of 2 per cent in load for each degree 
by which the ambient temperature exceeds the standard 
ambients in order to keep within the 95 deg. operating 
limit. 

CONCLUSIONS 

The principle function of the Institute as it has been 
understood up to the present time, is to provide 
Standards for Rating. The proposal that Recom- 
mendations for Operation be included in the Standards 
as an appendix is aninnovation. Itisin fact a proposal 
affecting the policy of the Institution, one which might 
be far-reaching in its application, if it were adopted. 
A strong feeling has developed since preliminary publi- 
cation of the proposal, that the Institute should con- 
tinue to devote its attention to rating standards and 
that recommendations for actual operation of apparatus 
should be sponsored by some other organization. 

The selection of a limit of temperature for operation 
which is lower than the limit recognized for rating pur- 
poses may be considered open to question. However, 
there is ample justification for conservatism in starting 
a new practise which may involve the possibility of 
shortened life of apparatus, and it is probably wise to 
be content with the very reasonable increase of capacity 
which the lower temperature limit provides until it 
may be demonstrated that a higher limit is warranted. 


Discussion 


C. J. Fechheimer: In regard to the standards as recom- 
mended by Mr. Dann, it seems to me that it would be better for 
the manufacturers of the transformer to place a guarantee as to 
how high the temperature could be run than for the Institute 
to bind itself to particular temperatures. 

T. C. Lennox: Mr. Dann stated that some of the operators 
were rather shocked when the proposal was made to reduce the 
temperature ambient from 40 to 30 deg. I don’t see why that 
should be because for a great many years it has been the practise 
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for places where the ambient temperatures are continually high to 
specify transformers of 45 deg. temperature rise rates, this 
practise approximating the same degree of conservatism as 55 
deg. transformers used for general distribution work. 

I believe that at the time this 55 deg. temperature was adopted, 
it was taken into account by the Institute Committee that the 
load factors were not 100 per cent, and that the ambient tempera- 
tures seldom reached 40 deg. For this reason it was possible to 
give transformers a maximum rating appreciably higher than the 
committees at that time felt could be used as a basis of continuous 
rating. If you look at the performance specifications as used by 
the trade at the present you will find there is nothing in them 
guaranteeing that a transformer can be operated at 105 deg. 
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continuously. There is merely a guarantee that if the trans- 
former is operated at its rated load in a 40 deg. ambient, its 
average winding rise will not exceed 55 deg. There is nothing 
in the Institute rule or such specifications implying anything 
beyond this. 

W. M. Dann: Mr. Fechheimer has proposed that the 
nameplate be marked to show the maximum temperature for 
which a transformer is suitable. That proposal has been made 
before and has been considered. Nameplates on transformers, 
however, are rather fearfully and wonderfully made. Right now 
they contain much information of various kinds and there would 
be a real objection to increasing the amount of information that is 
put on the nameplate. 


Telephone Interference from A-C. Generators 


Feeding Directly on Line with Neutral Grounded 
BY J. J. SMITH* 


Associate, A. I. E. E. 


Synopsis.—The problem of telephone interference from a-c. 
generators feeding directly on the line with neutral grounded is 
discussed. It is shown that the triple and non-triple harmonics in 
the voltage wave shape cause currents which flow in different paths on 
the power system. As a result of this, the induction on paralleling 
telephone lines per ampere of triple harmonic is greater than the 
induction per ampere for a non-triple harmonic on a balanced 
power system. 

A method of measurement which would allow a rough comparison 
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URING recent years there have been several 
D cases of telephone interference arising from 

generators which feed directly on transmission 
systems and have their neutrals grounded. In these 
cases if the neutral ground is removed from the genera- 
tor the interference disappears as a general rule. Many 
times it occurs that the system can be grounded through 
another generator in the same station and no telephone 
interference is experienced. In cases where the latter 
situation has arisen, the power company engineers are 
liable to regard the machine which gives trouble, and 
which is generally the newer machine, as one of poor 
wave shape. Investigation in a number of cases has 
shown, however, that usually the harmonics in both 
machines have been small (analyses will be given later) 
and have been of the same magnitude. The difference 
between the machines lies, however, in the frequency 
of the harmonics which are present and in their be- 
havior with respect to the paths through which the 
harmonic currents flow out on the line and return to 
the generator. 

This type of interference has been experienced also 
on systems where the generator is connected to the line 
through Y-Y transformers, the neutral of the trans- 
former on the primary side being connected to the 
neutral of the generator, which may or may not be 
grounded. The neutral of the transformer on the 
secondary side is grounded. In this case the percentage 
harmonics from line to neutral on the secondary side 
of the transformer are approximately the same as the 
percentage harmonics in the line to neutral of the 
generator. The causes and remedies of this type of 
interference are exactly the same as interference in 
cases where the generator feeds directly on the line 
with neutral grounded and therefore will not be 
_discussed separately. 

In the design of rotating electrical apparatus an 
effort is made to keep the harmonics as low as possible, 

*Electrical Engineer, General Electric Co., Schenectady, N. Y. 
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of the effects to be expected from both types of harmonics is suggested. 
This is based upon using the apparatus already available and setting 
up special connections for test. Data are given showing the results 
of such measurements made in the factory on a number of machines 
while they were being tested. 

Analyses are given of the wave shape of machines which gave rise 
to cases of interference. References are given to some of the data 
already published on methods which have been applied to relieve 
such situations. 


but because it is not practicable to obtain a sine wave 
distribution of magnetic flux, and since the slots intro- 
duce irregularities, harmonics, though they may be 
small, are always present in the voltage wave of power 
systems. With perfectly balanced and transposed 
power systems or perfectly balanced and transposed 
communication. systems there would be no interference 
with the communication circuits under normal operating 
conditions of the power circuit. Due to the fact that 
in actual practise perfect balance cannot be attained, 
the longitudinal voltages,—that is voltages to ground,— 
induced on the telephone line by the power circuit, will 
act upon the unbalances in the telephone circuit to 
produce noise currents. In general, when either the 
power system or telephone system uses the ground as 
part of the circuit the effects of the mutual coupling 
are greater than when both circuits are wholly metallic. 
As will be shown by an example later, when the ground 
is used as part of either circuit, the mutual inductance 
between the circuits is larger than that between metal- 
lic circuits, and in addition, grounded circuits cannot be 
transposed. 


DIFFERENCE BETWEEN TRIPLE AND NON-TRIPLE 
HARMONICS 


The harmonics produced by a generator in its phase- 
to-neutral voltage can be divided into two classes which 
are essentially different in respect to their behavior on 
the transmission line. One class is the odd harmonic 
which are multiples of 3, 7. e., the 3rd, 9th, 15th, 21st, 
etc. We shall call these the triple harmonics. The 
other, the odd harmonics which are not multiples of 3, 
(7. e., the 5th, 7th, 11th, 18th, 17th, 19th, 23rd, etc.) we 
shall call the non-triple harmonics. Let us assume 
the voltage wave from line to neutral in a balanced 
three-phase system is given by 
Yi: = a, sin (0 + di) + assin (8 0 + ¢s) 

+ assin (5 0 + $5) + 
in phase 1. . The voltage wave line to neutral in phase 
2 is obtained by increasing 6 by 120 deg. and is thus 
Yo = a, sin (9 + 120 + 1) + as sin (8 0 + 360 + ¢s) 

+a;sin (50+ 600+ ¢s)+..... 


798 


30-46 


April 1930 


Hence the voltage between phases 1 and 2 is 

Yo — Yr = a, sin (6 + 120 4+ 1) — ai sin (8 + i) 

+a;sin (5 06+600+¢;)—a;sin (56 6+¢5)+.... 
the 3rd, 9th, 15th, etc., harmonics disappearing, since 
these harmonics are in the same phase and of the same 
magnitude in each voltage wave. 

Simplifying we get— 

Y2— Yi = +21 cos (6 + ¢: + 60) sin 60 
+2a,;cos (50+ $5 + 300) sin300+.... 
= 1/3 a, cos(0+¢1+60)—+/3 cos(5 0+¢; 
+300) +.... 

Thus on a balanced three-phase system the only 
voltages which can exist between lines are the funda- 
mental and 5th, 7th, 11th, 13th, etc., harmonics which 
are not multiples of three. 

We can also show that the 5th, 7th, 11th, 138th, etc., 
harmonic currents can flow out on the transmission line 
on one of the phases and back on the other phases in a 
way similar to the fundamental as follows. If the 
current in phases 1, 2, and 3 is 21, %2, and 73 


On = b; sin (6 -}- 1) + bs sin (3 6 + 3) 
+ 6;sin (560+ $5) + 
i, = b, sin (6 + 120 + ¢;) + 6; sin (3 6 + 360 + 3) 
+6; sin (5 6 + 600 + $5) + 
iz; = b, sin (0 + 240 + di) + bs sin (3 6 + 720 + 3) 
+ 6; sin (5 6 + 1200 + @s) + 
Now, 
sin (n 6 + ¢,) + sin (n 6 + 120” + ¢,) 
+ sin (n 6 + 240” + ¢,) = sin (n 0 + ¢,) 
+ 2sin (n 6 + 180 + @,) cos 60 n 
If nis an odd multiple of 3, cos 60 n = cos 180 = — 1 
and sin (n 6+ 180+ ¢,) = — sin (n 6 + ¢y) 
Hence b;, sin (3 p 6+¢3,) +)s, sin (3 p +p 360+ $3p) 
+ bs, sin (3p 6 + p720 + dsp) = 3bspsin (3 p 8 + 3p) 
Thus the instantaneous sum of the triple harmonics in 
the three phases is three times the instantaneous cur- 
rent in one of the phases, and such currents must 
return to the generating station through a path other 
than that provided by the phase wires of the system 
itself. They can return through the neutral connection. 
If, however, ” is odd but not a multiple of 3 


cos 60.” ee or 


and sin (n@ +180 + ¢,) = — sin (n 0 + $n) 
Hence 
sin(n 0+¢,)+sin(n 9+120 n ¢,) +sin(n 6+120 n+ rn) 
= sin (n 0+ ¢,)—sin(n 6+ ¢,) = 0 

We thus see, what has been demonstrated in other 
papers before the Institute but what it was thought 
worth while to again show here, that 
(1) On a balanced* three-phase system no triple har- 


*Due to the fact that perfect balance cannot be obtained in 
practise and also since some slight impedance must exist in actual 
systems, triple harmonies will usually be found in measurements 
of line-to-line voltage. 


SMITH: TELEPHONE INTERFERENCE 


799 


monies can exist in the voltage between lines since 
these harmonics are equal and opposite in each line to 
neutral leg and therefore cancel out, 

(2) On a balanced three-phase system no triple 
harmonic currents can flow in the lines unless some 
other path besides the system conductors is provided 
for their return flow. This is because, as was shown 
above, the triple harmonics in each line are in phase 
and add up at any instant to three times the triple 
harmonic in any one line. The instantaneous sum of 
the non-triple harmonics at any instant on the three 
lines is, however, zero. 

If a generator is connected to a Y-Y transformer and 
the neutral of the generator connected to the trans- 
former, it is evident that the triple harmonic voltage 
existing between line and neutral of the generator will 
also exist between line and neutral on the primary side 
of the transformer and hence on the secondary side of 
the transformer. Thus, the behavior of the harmonics 
when the neutral of such a transformer is grounded on 
the secondary side will be the same (except for change 
in magnitude of voltage and current due to transformer 
ratio and effects of the transformer magnetizing cur- 
rents) as if the generator fed directly on the line. 


PATH OF FLOW FOR DIFFERENT KINDS OF HARMONICS 


When the neutral of the generator is grounded, the 
triple harmonic voltage in each leg of the generator 
exists between line and ground, and since the triple 
harmonic voltages between each line and ground are in 
phase we have for these harmonics the equivalent of a 
single-phase generator feeding out on the three lines in 
parallel, the path for the return flow being through the 
capacities of the three lines to ground and through any 
equipment with grounded neutral and then back 
through the neutral of the generator. It is evident that 
since the ground return is one side of the circuit for these 
triple harmonics, transpositions in the power line will 
make no reduction in the induced voltage in a neigh- 
boring telephone line. 

For the non-triple harmonics, since the instantaneous 
sum of the voltages in the three wires is equal to zero, 
the amount of current which tends to return through 
the ground is very much smaller than that which flows 
when the harmonic is one of the triple series If the wires 
of the three phases were infinitely close together no 
harmonic current of the non-triple series would tend 
to return through the ground. Due to the fact that 
the wires are spaced some distance apart, a small 
amount of such current does flow. The magnitude of 
such currents can, however, be considerably reduced 
by the introductions of transpositions in the three- 
phase line. These transpositions balance up the cur- 
rents which tend to flow through the earth due to each 
section of the line and thus reduce the electromagnetic 
induction. Another effect of the introduction of trans- 
positions for the non-triple harmonic voltage is the 
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reduction of the residual voltages of these harmonics 
on the transmission line (which reduces the effect of 
electrostatic induction). It will not be considered 
further here, as the considerations applying to it are 
not the same as those under discussion in this paper. 


MutTUAL INDUCTANCE FOR GROUNDED AND NON- 


GROUNDED CIRCUITS 


Since the paths of flow of the triple and non-triple 
harmonics are in general different, in order to determine 
the voltage induced on a neighboring telephone line 
per ampere of harmonic current in the power line, we 
have to determine the mutual inductance between 
circuits which only involve currents in the conductors 
of the power line, and also currents which flow out on 
the power lines in parallel and return through the 
ground. Although the study of mutual inductance has 
been the subject of quite a number of investigations 
it will be sufficient for our purpose to make fairly broad 
assumptions in order to illustrate the points involved. 
The mutual inductance between two parallel wires of 
length | and separated by a distance D is (see for 
instance Pender’s Handbook, 1922, p. 827) 


M =21(1 fbb ate bhenri 
= Og. ima =- i abhenries 
where / and D are in centimeters and / is large compared 
with D. In order to calculate the voltage induced in a 
telephone line due to the balanced harmonics on a 
power line we calculate the values of M,, M», and M; 
for each of the three conductors, then, since we may 
write the currents 
bhiy whe had sole ye 7 ae he ae 
i,i(- z +i )andi(- 3 - ~*i) 


E=2rfi [1 +m.(-5+23,)+4m,(-4- ¥3;)) 


=2rfi[(m.—- =. n 7 


It is evident that if M,, M2, and M; are approximately 
equal,—that is, if the telephone line is at a considerable 
distance from the power line,—the resultant. induced 
voltage is very small. 

When the return current flows through the ground 
we may assume as an approximation that it flows in a 
conductor at a distance of 2000 feet below the surface 
of the earth. The actual distance of such a conductor 
below the surface of earth varies in different locations 
but the figure of 2000 ft. may be taken as a fair average 
for our purpose. 

It will be of interest to work out the mutual. in- 
ductance for a typical case in order to give some idea of 
the relative magnitude of these different mutual in- 
ductances. Asan example, consider a three-wire power 
transmission line with the conductors in a horizontal 
plane and a telephone line at a distance of 90 ft. from 
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the nearest conductor. The spacing between the outer 
conductors of the power circuit is 110 in. (9.17 ft.) 
and the center conductor is 40 in. (8.33 ft.) from the 
conductor nearest the telephone line. The mutual 
inductance for a parallel 100,000 ft. long (approxi- 
mately 19 mi.) is 


Ms = 6,050,000,(1ote< | 
ice Das 08-99 + T 400,000 
= 6,080,000 x 6.707 = 40.78 x 10° abhenries 
: 200,000 93 
M: = 6,080,000 ( i serene ES He cr ) 
= 6,080,000 X 6.671 = 40.56 x 10° abhenries 
200,000 99 
M; = 6,080,000 ( log. eters Tae ) 


= 6,080,000 < 6.610 = 40.19 <.10° abhenries 


Hence the abvolts induced in the telephone line per 7 
abamperes in each wire of the power circuit at any 
given frequency f is 

40.56 ) ] 


40.19 
Ey =O aha 10° | ( 40.78 - a 


“a x: j (40.56 — 40.19) 


= 27f 7 (404,000 + 318,000 7) abvolts 
and the numerical value is 
EB, = 27fi-~/ 404,000? + 318,000? 
= 27f7% X 514,000 abvolts 


For a ground return current the mutual inductance 
between the return current and the telephone line is 
200,000 2000 

2000 100,000 


6,080,000 < 3.625 = 22.04 x 10° abhenries 


Hence the abvolts induced in the telephone line per 7 
abamperes in the ground (assuming 14 in each conduc- 
tor) is 


M. = 6,080,000 (log. 


40.78 + 40.56 + 40.19 
3 


=2af2X 10® (40.51 — 22.04) 
= 27f12 X 18,470,000 abvolts 


If 7 in the above equations is in amperes, the actual 
volts induced are obtained by dividing the abvolts 
by 10°. 

Thus for a current of frequency 900 cycles, which is 
the 15th harmonic of 60 cycles, flowing in the earth in 
the case considered above, the volts induced on the 
telephone line per ampere in the power line would be 


E, = 6.28 X 900 X 18,470,000 x 10-* = 104.5 volts 


or approximately 5.5 volts per mile of parallel. 
If the same current were to flow out on one wire and 


B, =2rfi x 10°( — 22.04) 
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back on the other two wires, in three-phase relation 
the induced voltage would be 


E, = 6.28 X 900 x 514,000 x 10- = 2.80 volts 


or approximately 0.15 volt per mile of parallel. 

On comparing E, and EF, we see that for this particu- 
lar case the voltage induced by a current 7 flowing out 
over the three wires in parallel and back through the 
earth is approximately 40 times as large as that pro- 
duced by the same current 7 flowing out through one 
of the wires and back through the other wires in three- 
phase relation, and it is this large ratio between the 
mutual inductance for metallic return currents and earth 
re.urn currents which makes the effect of the triple 
series of harmonics which return through the earth 
considerably more important in considering inductive 
effects in telephone circuits than the effects produced 
by the non-triple harmonic currents. We may reiterate 
‘that no amount of transpositions in the power line will 
be effective in reducing appreciably the value of E,., 
while on the other hand the value of H; can be con- 
siderably reduced by the use of transpositions in the 
power circuit. 


RELATION OF THE FREQUENCY OF HARMONICS TO THEIR 
INTERFERING EFFECT ON TELEPHONE CIRCUITS 

A curve showing the relation between the interfering 
effect of harmonics and their frequency has been ob- 
tained experimentally and the results obtained are 
given in a Review of the Work of the Subcommittee on 
Wave Shape Standard of the Standards Committee of 
the A. I. E. E., H. S. Osborne, A. I. E. E., TRANS., Vol. 
38, 1919, p. 261. This committee developed a network 
called the Telephone Interference Factor Network 
which weights the various harmonics in proportion to 
their interfering value obtained experimentally. The 
Telephone Interference Factor (T. I. F.) of a machine 
has been defined as the current in microamperes 
through this network per volt applied to the network. 

If reference is made to Mr. Osborne’s paper, it will 
be noted that one of the assumptions made in deriving 
the Telephone Interference Factor is as follows: 

“9 -The current induced in telephone circuits by a 
given voltage or current in the power circuit is approxi- 
mately proportional to the frequency.” (loc. cit., p. 268) 

This assumption was actually put into practise by 
multiplying the interfering effects per ampere of cur- 
rent in the receiver obtained experimentally by a factor 
proportional to the frequency, which was equivalent 
to making the assumption that the mutual inductance 
between the power circuit and the telephone circuit was 
the same for all harmonics irrespective of their 
frequency. 

In the simple example given above, however, we have 
seen that the coefficient of mutual inductance for 
the triple harmonics which flow through the ground was 
approximately 40 times the coefficient of mutual 
induction for the non-triple harmonics. We are there- 
fore presented with the problem somewhat as follows: 
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To revise the curve given in Mr. Osborne’s paper by 
multiplying the interfering effect of the triple harmonics 
by some figure which we will call T (40 in the above 
example) at the same time leaving the non-triple 
harmonics as at present. It would appear to be out of 
the question to design a network similar to the one 
already designed, first, on account of the great com- 
plexity necessary for a network which would have such 
irregular impedance characteristics, and secondly be- 
cause even if such a network were designed for say a 
fundamental of 60 cycles it could not be used on 50 
cycles since the triple harmonics are of different 
frequency. 

By using special methods for testing on three-phase 
systems, it would appear a method can be developed for 
determining the T. I. F. of a machine using the extra 
weighting for the triple harmonics. It has already 
been seen that if the voltages in the three phases of a 
machine connected delta with one corner open are 
added, the instantaneous sum of the fundamental and 
of the non-triple harmonics is negligibly small. The 
sum of the triple harmonics, however, is three times the 
amount of harmonic in any phase. Thus, if a machine 
is connected delta, the voltage measured across the open 
corner is three times the voltage of the triple harmonics 
in each phase. If the T. I. F. of the voltage across the 
opened delta is measured and multiplied by one-third 
of the voltage across the opened delta this gives the 
contribution to the current in the T. I. F. network 
meter due to the triple harmonics in a single phase. 
If this contribution is multiplied by a factor T and 
added according to the square root of the sum of the 
squares to the current in the meter in the network 
produced when the T. I. F. meter is connected between 
line and neutral, the resultant divided by the line to 
neutral volts will be a T. I. F. in which the triple har- 
monics are weighted approximately 7’ times as heavily 
as the non-triple harmonics. 

As an example of the Application of the above we may 
consider the following measurements on an A T' B— 
4—37500 M—1800— 15,000 volts— 


ine to lines +. ose te 11,500 volts 10T.1I. F. 
Line to neutral....... 6,800 volts 15 T. 1. F. 
Open delta. .--.5-.-~. 245 volts 800 T. I. F. 


Applying the method. given above, the following 
triple harmonic weighted T. I. F. is obtained (assuming 
a value 40 for T) 


chee 40 
S500 \ (6800 x 15)* + (> 245 x 800 ) 


at 


J ae 
= 6300 +/ (102,000)? + (2,650,000)? 


2,650,000 
VF B800 


It may be well to point out that in this method of 


= 390 
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TABLE I 
Triple 
A al harmonic 

—_ Volts weighted Armature 

No Freq. cycles Ky-a. Volts L-L L-N Open delta open delta be eal ye coil pitch 
1 50 54,350 M 13,200 5 5 750 230 306 0.61 
2 50 54,350 M 13,200 10 15 840 220 337 0.61 
3 60 43,750 14,000 8 13 254 750 309 0.85 
4 60 43,750 M 13,200 9 11 690 305 377 0.73 
5 60 37,500 M 12,200 Tf 11 447 212.5 190 0.72 
6 60 37,500 12,000 3 2 129 24 if 0.66 
7 60 37,500 M 11,500 10 15 800 245 406 0.61 
8 60 35,300 M 13,200 8 11 800 238.3 342 0.72 
9 60 31,250 M 12,000 8 15 571 276 318 0.76 
10 60 25,000 M 13,800 9 8 269 243 525 0.80 
iki 60 25,000 M 13,200 9 11 488 341 301 0.76 
12 60 18,750 M 13,800 17 22 448 710 553 0.87 
13 60 18,750 M 11,000/ 5 5 320 405 254 0.83 

12,000 
14 60 18,750 M 2,300/ 6 acy 976 65 377 0.72 
4,000 

15 25 18,750 6,600 2 2 165 600 347 0.88 
16 60 15,625 M 2,300 i 10 404 YG) 243 0.83 
17 60 15,625 M 13,200 5 8 890 160 251 0.72 
18 60 12,500 M 6,600 20 22 395 5.6 28 0.66 
19 60 12,500 M 14,000 5 6 1574 100 269 0.63 
20 60 6,250 M 2,300 18 19 307 143) 302 0.55 
21 50 3,125 M 2,300 9 9 616 70 442 0.54 
22 50 3,125 M 2,300 8 17 390 112.5 457 0.54 
23 60 2,500 2,300 12 17 1030 §2,5 558 0.61 


Nors: The value of 7, the triple harmonic weighting factor in the above table, has been taken as 40. 


analysis the T. I. F. is referred back to the operating 
voltage of the generator. Sometimes attempts are 
made to consider the T. I. F. of the open-delta voltage 
alone, or for instance it is sometimes stated that the 
T. I. F. of the neutral current is so much, say 2000.* 
It is necessary to remember that the effect of the power 
system on the telephone system is measured by the 
product of the voltage (or current) and the T. I. F. 
There are additional factors such as the length of ex- 
posure, separation between lines, etc. In the above 
example the open-delta voltage of 245 volts is largely 
composed of third harmonic, but the main contribution 
to the T. I. F. of 800 is made by the higher harmonics 
which perhaps do not exceed 10 per cent of the third 
harmonic. It is therefore evident that if the 38rd 
harmonic were halved, having a value of 122.5 volts, 
the other harmonics remaining the same magnitude, the 
T. I. F. of the open-delta voltage would be doubled, 
giving 1600. In spite of this increase in T. I. F. of two 
to one, the interference which might be created by 
these two different machines in any given location 
would be changed by a much smaller amount and in 
some cases would remain approximately unchanged. 
The weighted triple harmonic voltage T. I. F. would 
be the same for these two machines. 

The General Electric Co. for some time past has 
been accumulating data on the open-delta voltage and 
T. I. F. of machines which have the neutral brought 
out. Typical results are given in Table I. 

The T. I. F. of a pure sine wave at 60 cycles is 
approximately 9.0. Some of the T. I. F.’s at 60 cycles 
in the table are less than this value which is due to the 
fact that the actual readings obtained on the meter 


*See for example Power Distribution and Telephone Circuits, 
H. M. Trueblood and D. I. Cone, A. I. EH. E. Trans., Vol. 
XLIYV, 1925, p. 1058. 


were very small and therefore liable to considerable 
inaccuracies. It is considered preferable, however, to 
give the actual values measured rather than to correct 
them arbitrarily to the minimum value. 

It will be noted that in all these machines the T. I. F. © 
of the line-to-line and normal T. I. F. of the line to 
neutral voltage are very low. In view of the above, it 
is of interest to examine the actual amount of each 
harmonic present in cases which have given rise to 
telephone interference. 


ANALYSIS OF VOLTAGE WAVE OF GENERATORS IN 
TYPICAL CASES 
In Table II are given the results of analyses of the 
voltage wave shape and the resulting neutral current 
under load of a 7500-kv-a., 18,200-volt generator which 
gave rise to telephone interference when run with the 
neutral grounded. 


TABLE II 


Neutral current 


Open circuit line under load 
Frequency Harmonic to neutral volts amperes 
60 1 7600 Rhee 
180 3 48* 0.046 
300 5 5 okies 
420 eh 14 hc 
540 9 19 0.18 
780 13 6 x 
900 15 8 0.15 
1020 17 13 fo 
1140 19 5 mhoue 
1260 21 ied 0.17 
1380 23 27 re 
1980 33 0.2+ 


*There is some doubt as to the accuracy of this measurement owing to the 
possibility of a third harmonic of approximately this magnitude being gen- 
erated in the potential transformer used. 


In Table III are given voltage wave analyses of no 
load and under load, and neutral currents under load 
of two generators in one station. When Generator A 


April 1930 


was run with the neutral ‘grounded, noise was experi- 
enced on paralleling telephone lines; when Generator B 
was run with the neutral grounded or Generator A with 
the neutral ungrounded, the telephone noise was 
negligible. 


TABLE III 
Generator A Generator B 
Line to neutral Line to neutral 
voltage voltage 
82 68 

Open per cent | Neutral Open per cent | Neutral 
Harmonic| circuit | fullload | current circuit full load | current 

1 7010 7320 HOE: 7680 7380 “fhe 

3 30 120 4,24 aa 31 0.50 
5 4 50 0.27 15 50 0.005 
7 5 24 0.24 8 th 0.155 
9 10 31 3.60 3 5 0.044 
wR, a 37 0.15 4 31 0.036 
13 0 Trace 0.04 0 7 0.012 
15 3 14 3.90 0 0 0.127 
17 0 Re ae 0.05 4 10) 0.049 
19 0 a ieWona 0.07 4 0 0.030 
21 0 dg Res See 0 0 0.103 
23 0 ercoae eds 6 10)  battne 

25 36 sie dee ate a 42 0 atm 
27 3 Trace 4.69 (0) 0 0.265 

29 30 AE iit ay ae 34 0 seen 

3h 4 Seoete Ghee 19 0 | Aaah 
33 0 Wd ge 0.19 0 10) 0.007 


In the above measurements, there is again some 
doubt as to the accuracy of the measurements of the 
third harmonic, as some may have been generated in 
the potential transformer used. 

The calculated phase-neutral voltage T. I. Fee of 
Generator A was 26 at no load and of Generator B 
was 31; which illustrates the fact that the T. I. F. as 
ordinarily measured bears no relation to the noise 
experienced in this type of situation. 

It will be noticed that in analysis given of line to 
neutral voltage both at no load and under load the 
magnitude of the triple harmonic series was in general 
equal to or less than that found in the best commercial 
practise in machine design. A study of the magnitude 
of these harmonics seems to show that none of the 
ordinary methods open to a designer could be used to 
reduce these harmonics with certainty to much smaller 
values. If telephone noise is caused by such a machine, 
the question of using means for grounding external to 
the machine should be considered and whether general 
conditions will warrant radical modifications in machine 
design as opposed to other methods of wave correction 
external to the machine. 

The largest harmonics of high frequency in Generator 
A,—the 25th and 29th,—did not give rise to telephone 
noise. It will be noted that the neutral current of the 
generator was mainly composed of triple harmonics 
which were all of the same order of magnitude. The 


prominent harmonics on the telephone circuit were the 


15th and 27th and the elimination of either of these by 
means of a wave trap (to be referred to later) reduced 
the noise considerably. The neutral currents were 
measured at the generating station which fed into a 
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large cable network. At the point at which noise was 
experienced the cable network fed an open wire line 
which paralleled a telephone toll cable for a distance of 
approximately five miles. It was not practicable to 
make measurements of the residual current in the 
exposure which probably accounts for the fact that 
although all the triple harmonics were present in 
approximately the same magnitude at the generator 
their relative values in the parallel may have been 
considerably different, thus accounting for the higher 
intensity of 15th and 27th harmonics in the telephone 
line. 


Metuops WHICH HAVE BEEN USED TO MINIMIZE THIS 
TYPE OF INTERFERENCE 


In this.section references will be given to descrip- 
tions of various methods which have been used to 
relieve such situations. No attempt has been made to 
make this list of references complete, as to do so would 
require quite a long bibliography. The various arrange- 
ments are more fully discussed in these references. 
Some of the methods described apply to generators 
already installed which are found to give rise to inter- 
ference; others refer to certain points which, if given 
advance consideration, may avoid later modifications 
if trouble should develop. 

1. Wind the generator with armature coil of 24 
pitch. 

On referring to Professor Adams’ paper, Electro- 
motive Force Wave Shape of A-C. Generators, 
Trans. A. I. E. E., 28, Fig. 9, p. 154, 1909, it will 
be seen that if 24 pitch is used for the armature 
coils the resultant triple harmonics, 3, 9, 15, etc., » 
in the alternator wave shape are zero. 

2. Zigzag connection of alternator. 

The use of this method is discussed in ““Connec- 
tion for Eliminating Triple Harmonics in Alter- 
nators,” by R. J. Jensen, Hlecktrotech. Zeits., 35, p. 
649, 1914. 

3. The use of resonant shunts on the generator to 
reduce the magnitude of the triple harmonics. 

A discussion of the use of resonant shunts in this 
connection is given in “Improving the Wave Shape 
of Alternator Voltage Waves,” by E. W. Marchant 
and T. H. Turney, The Electrician, 91, p. 363, 1923. 

4. Use of wave trap or traps to prevent flow of 
triple harmonics through the neutral ground connec- 
tion of the generator. 

The use of such wave traps is discussed in 
(a) “Grounding the Neutral,” by E. D. Sibley, 
Iron and Steel Engineer, 2, p. 381, 1925. 

(b) “Compensation of Higher Harmonics in an 
Earthing Connection,” Elektrotech Zeits. 47 opps 
1479-1482, Dec. 16, 1926. 

5. The use of the Petersen Coil. 

This is discussed in 
(a) The Petersen Earth Coil, by R. N. Conwell and 
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R. D. Evans, TRANS. A. I. E. E., Vol. 41, 1922. 
Deirhi« 

(b) “The Relation of the Petersen System of Ground- 
ing Power Networks to Inductive Effects in Neigh- 
boring Communication Circuits,” by H. M. True- 
blood, Bell System Techmcal Journal, Vol. 1, 1922, 
p. 39. 

(c) The Neutral Grounding Reactor, by W. W. Lewis, 
A.J, E. E.. TRANS,; Vol. 42; 1923, p.. 147, 

(d) Operating Performance of a Petersen Earth Coil, 
by J. M. Oliver and W. W. Eberhardt, A. I. E. E. 
TRANS., Vol. 42, 1928, p. 4385. 

6. Use of system transformers or a special trans- 
former, usually called grounding transformer, to ground 
the power system, thus eliminating the ground from the 
generator. 

Various aspects on the use of transformers for 
grounding are discussed in 
(a) Residual Voltages and Currents in Power Sys- 
tems, by L. J. Corbett, A. I. E. E. TRANS., Vol. 48, 
1929, p. 92. 
(b) ‘Auxiliary Transformers Reduce Inductive 
Interference,’ by L. J. Moore, Electrical World, 
LOZ AD. 20 ie 
(c) “Grounded Neutral,”’ by R. Treat, Proceedings, 
Assoc. Iron and Steel Engineers, 1920, p. 187. 
(d) “Theory of Grounding,’ by F. C. Hanker, 
Iron and Steel Engineer, April 1928, p. 147. 
(e) “Transmission Line Engineering,” by W. W. 
Lewis. 


CONCLUSIONS 


The difference in behavior of the triple harmonics 
and non-triple harmonics has been illustrated, and it has 
been pointed out how relatively small amounts of triple 
harmonic voltage existing from line to neutral may give 
rise to more noise on paralleling telephone circuits than 
considerably larger amounts of non-triple harmonic 
voltages. 


A method has been suggested by which separate 
measurements can be made of the triple harmonics 
alone, by a special connection of the machine for test. 
These measurements can be combined, if desired, under 
certain assumptions which have been given, with the 
measurements made in the usual way so as to give an 
extra weighting to the triple harmonic series which 
would correspond to their greater inductive effect due 
to the fact that they return through the earth 
connection. 


A number of references to methods which have been 
used to minimize this type of interference have been 
given. Some of these are applicable directly to the 
design of the’ generator and others involve auxiliary 
apparatus for the reduction of the harmonics. A little 
advance consideration of the subject of this paper may 
sometimes avoid later modifications if trouble develops. 

Although the majority of systems in this country at 
the present time are operating with grounded neutral, 
the actual cases of this type of telephone interference are 
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relatively few. Many generators, of course, are con- 
nected to transmission lines through delta-Y trans- 
formers which greatly reduced the possibility of inter- 
ference due to the triple harmonics. The cases which 
have occurred have, however, been serious enough to 
create a real problem. 

There are so many factors involved, such as the type 
of power system, proximity to and length of parallels 
with telephone circuits, capacitance to ground of power 
conductors beyond parallel, etc., that it would be 
extremely difficult to predict beforehand in any given 
location whether or not this type of telephone inter- 
ference will arise. In some cases in which a machine 
gave rise to telephone interference on one system it 
has been found that a duplicate machine operated for 
years in another location without giving any trouble. 
This type of interference has occurred more frequently 
in the last few years, although it has been common 
practise to ground systems for many years, and although 
the wave shape of these large turbo alternators has been 
gradually improved. It can thus be seen that the 
problem is quite complicated and worthy of study by 
operating as well as designing engineers. 
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Discussion 
J.O’R. Coleman: Mr. Smith’s paper presents a summary of 


a problem which is becoming of more and more importance in 
inductive coordination of power and communication lines. The 
practise of transmitting power at generated voltage apparently is 
becoming more common and in a number of these cases it is 
relatively simple to use the generator neutral as the grounding 


TABLE I 
HARMONIC ANALYSIS OF CURRENTS AND VOLTAGES 
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point of the system. There have been several cases of rather 
serious interference caused communication circuits by grounded 
neutral generators. Generators of all the principal manufac- 
turers in this country have been involved. An examination of 
some of the data obtained in one of the more recent cases may be 
helpful in understanding the nature of this problem. 

Table I shows the analysis of harmonic of the currents and 
voltages supplied by the generator. The analysis shown is for 
generator No.2. Generator No. 1 has similar characteristics but 
the analyses of the harmonics were not as complete for that 
machine. By using the third harmonic currents and voltages 
shown in Table I the impedance of the system to ground can be 
calculated. A plot of this impedance at harmonic frequencies is 
shown in Fig. 1 herewith. The sign at the impedance was de- 
termined by measurements across a one-ohm reactor which was 
placed in the neutral of the generator. 

A study of the impedance curve showed that the system had 
comparatively low impedance to ground and that a relatively 


{ 
g 


= 
GENERATOR LOADED 
Phase Residual | Phase | Residual§| Neutral§| System 2 = an SYSTEM IMPEDANCE 
Freq. volts volts amperes | amperes | amperes ohms 8 ede Gy eas ee pICES On 
ie as | 3 
60 |7600 14.40 |1060 anes 
180 | 103. 269.00 1.510 1.210 1.610 | 55.5 = ; 
300 | 97.4 4.74 | 26.700] 0.685 2 i 
420 19.7 0.92 7.620 a. 2 ti 2 fi 
540 2.77 8.57 0. 103 0.201 0.195 | 14.6 Hot 800——+| 200 —1600>——2000—F REQUENCY 
660 5.73 0.49 0.756 i oe 
780 2.52 0.39 0.060 t | 
900 3.65 11.70 0.240 0.738 0.736 5.30 2-20 
1020 1237, 0.46 0.072 & 
1140 2.10 0.282 Py 
1260 10.35 27.20 0.399 1.140 7.96 lag 
1380 1.67 1.108 S 
1500 | 10.70 0.108 z 
1620 5.84 16.20 0.846 2.320 2.32 Seal 
1740 oa 
1860 
1980 2.42 7.48 0.084 0.264 | 9.43 Fie. 1 
180 1.350*| 261+ 0.142*| 80+ 106+ small reactor in the neutral of the generator would materially 
a ges a a decrease the triple harmonic currents and voltages. A pilot 
ane hee na ae 195 189 circuit on the telephone parallel grounded near the central office 
660 0.075 8 0.072 end showed 2000 noise units to ground at the far end when the 
780 0.033 15 0.006 generator was directly grounded. A measurement of noise made 
See ES oe Ee ees pod in the same fashion with the generator neutral isolated showed 
nae Bes im hae’ 300 noise units. The placing of a one-ohm reactor in the neutral 
1260 0.135 | 264 0.038 286 of the generator reduced the noise to ground on the telephone 
1380 0.022 0.017 circuits to around 700 noise units and the tuning of this reactor 
7500 Ore poets for approximately 1260 cycles reduced the noise on the telephone 
orn tO a pone ae circuits to practically the same value of noise as existed with the 
1860 generator isolated. 
Koad OO52 5 he eRe oo <0= Table II shows a comparison of triple harmonic voltages and 
i enerator grounded 
T.1.F.t| 19.2 17.6 currents on the power system with the genera er 


Note: *Per cent of r. m. s. 
+Per cent of corresponding phase value. 
+ Calculated. 
§ Same quality measured in two different ways. 


directly, grounded through a one-ohm reactor, and grounded 
through a wave trap. It can be seen that the use of either the 
wave trap or the reactor substantially reduces the currents and 
voltages at all harmonic frequencies, except 540 eyeles. 


CURRENT AND VOLTAGE ANALYSES 


Generator conditions Open circuited Loaded One-ohm reactor in neutral Wave trap in neutral 

Quality measured Vp-n Vres Ve-n Vres Tres Vp-n Tres Ve-N Tres 
Frequency 

60 7600 35 =e at te xs a hs Re 
180 27.6 77.9 88.6 227. ae — is ae ies 

540 6.9 22.2 4.0 12.2 0.18 9.7 0.56 13.9 0.68 

900 1.9 4.9 Bis) dh 10.8 0.54 2s 0.32 0.6 0.10 

1260 re | 8.1 8.4 22.4 0.74 5.4 0.51 0.5 0.05 

1620 0.9 2.8 14.0 37.8 4.16 i nays 0.50 1.4 0.30 

1980 5.1 14.4 Zine 7.8 0.30 0.9 0.09 1.0 0.21 

ee a a ee a een ee 
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TABLE I-A 
*One-third of product of 
Generator rating Open-delta open-delta T. I. F. and volts 
Ref. —________—— per volt of line-to-neutral Armature 
No. Cycles Kv-a. Ky. Tif. Volts voltage coil pitch 
(1) (2) (3) (4) (5) (6) (7) (8) 
ik 50 54,350 M 13.2 750 230 7.54 0.61 
2 50 54,350 M 13.2 840 ; 220 8.08 0.61 
3 60 43,750 14.0 254 750 7.85 0.85 
4 60 43,750 M 13.2 690 305 9.21 0.73 
5 60 37,500 M 12.2 447 *212.5 4.49 0.72 
6 60 37,500 12.0 129 24 0.150 0.667 
a 60 37,500 M 11.5 800 245 9.84 0.61 
8 60 35,300 M 13.2 800 238.3 8.34 0.72 
9 60 31,250 M 12.0 sy (il 276 7.58 0.76 
10 60 25,000 M 1378 269 243 2.74 0.80 
11 60 25,000 M 13.2 488 341 (ere 0.76 
12 60 18,750 M 13.8 448 710 13.30 0.87 
13 60 18,750 M 12.0 320 405 6.23 0.83 
14 60 18,750 M 4.0 976 65 9.16 0.72 
15 25 18,750 6.6 165 600 8.66 0.88 
16 60 15,625 M 2.3 404 5755. 5.83 0.83 
17 60 15,625 M 13.2 890 160 6.23 0.72 
18 60 12,500 M 6.6 395 5.6 0.193 0.667 
9 60 12,500 M 14.0 1574 100 6.49 0.63 
20 60 6,250 M 2.3 307 As 5.78 0.55 
21 50 3,125 M 2.3 616 70 10.82 0.54 
22 50 3,125 M 2.3 390 11275 11.02 0.54 
23 60 2,500 M 2.3 1030 b2e5) eh days 0.61 


*Column (7) equals one-third of the product of columns (5) and (6), divided by the generator voltage from line to neutral, computed from column (4). 


In the application of special devices of this character for 
inductive coordination there are many points to be considered 
relating to the individual system before the type of remedial 
measure to be applied can be determined. In this particular 
system the tuned reactor permitted a simple and readily appli- 
cable solution. In other cases with a different system impedance 
the same application might not have been at all practicable. 
This brief discussion is intended to point out some of the various 
factors that require consideration in a study of this character and 
to show that each application of this character requires careful 
study. 

S. L. Henderson: Mr. Smith lists two means that can be 
considered in the design of the generators, which will tend to 
prevent trouble from the third harmonic series. Both of these 
are special winding combinations, which tend to eliminate the 
third harmonic voltages between terminal and neutral. Both of 
these combinations can be obtained at a cost, and I will attempt 
to point out what this is. 

In general, machines having armature windings of two-thirds 
pitch cost more money. This increased cost may be due to the 
necessity of a larger machine, more expensive coils, or new dies 
and tools. Two-thirds pitch imposes restrictions on the design 
which involve efficiency and size. Fractional number of slots 
per pole is a useful means to reduce all harmonics, including 
thirds, but two-thirds pitch would restrict their use to those 
combinations which are multiples of three-halves. 


One point that should not be overlooked is that a machine 
with two-thirds pitch has practically zero phase sequence re- 
actance and, if paralleled with other machines which generate 
third harmonic voltages, may give rise to more third harmonic 
current in the neutral than existed previously. 

A machine wound with a zig zag winding must be increased 
fifteen per cent in size, because the voltage is generated ineffi- 
ciently. The efficiency will be reduced, first, because of the 


larger machine and, second, because of higher loss due to the 
unbalanced armature m. m. f. 


R. G. McCurdy: Mr. Smith has called attention to what I 
believe is one of the outstanding problems in the coordination of 
power and telephone circuits from the noise standpoint. Its 
importance has been recognized by the Joint Subcommittee on 
Development and Research of the N. E. L. A. and Bell System, 
which is engaged in cooperative studies of inductive coordination 
problems. One of this subeommittee’s subordinate committees, 
Project No. 5 on Wave Shape, has the matter under active 
investigation and has participated in field investigations of a 
number of specific cases. 


I should like to offer an alternative method from the one 
suggested by Mr. Smith for rating the T. I. F. of electrical 
machines from this standpoint. As Mr. Smith points out, the 
relative importance of the residual and balanced components 
may vary over a wide range. It will depend upon the length, 
the configuration of the wires, and other physical features of the 
exposures. The relative importance may also be altered by 
transpositions in the power circuits. For this reason, it seems to 
me better to separately rate the machines as to balanced and 
residual T. I. F. rather than to attempt to set up a single weighted 
figure. 
apt to be misleading. To avoid this difficulty, I suggest that 
instead the residual component of the line to neutral T. I. F. be 
used. This component may be determined by computing the 
ratio of the current in the meter branch of the T. I. F. network 
when connected to the opened corner of the delta to three times 
the voltage across one of the sides of the delta. The balanced 
component of the T. I. F. may of course be obtained across one of 
the sides of the delta with the corner closed, or by measuring 
from line to line. 

I have applied this method to four of the machines listed in Mr. 
Smith’s Table I with the following results: 


As Mr. Smith states, the T. I. F. of the opened-delta is . 
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Balanced Residual 
Weighted T. 1. F. i bce fea i ye Team SN 
Machine No. |by J. 8. S. method component component 
7 406 10 9.9 
12 553 17 13.3 
18 28 20 0.19 
22 457 8 a ee 8 


It is interesting to compare these figures with the residual 
component of the voltage T. I. F., due to the capacitance un- 
balance of overhead three-phase lines. These unbalances are 
largely controlling in the case of isolated neutral systems and 
systems grounded through Y-delta transformer banks. They 
vary over a wide range depending upon the configuration and 
upon transpositions. The maximum residual voltage is around 
12 per cent of the line-to-line voltage. This would correspond to 
aresidual T. I. F. component of 0.8 for a line-to-line T. I. F. of 20. 


Bela Gati: I have never experienced a triple harmonic 
previous to war, but I experienced a 13th and a 39th and often 
the second harmonic. This seems to be an absurdity at first, but 
it can be explained very easily. The insulators never have the 
same insulating value for the positive as they have for the nega- 
tive current, thus there is a leakage current which always under- 
goes a rectification. If there is a rectification, and even the 
second half of the sine curve is cut away, a current with a double 
frequency, that is, the second harmonie appears in the telephone 
circuits by way of leakage. 


I just want to say that line constants are never constant. For 
instance the resistance of a telephone line in a connecting test 
box can be 300 ohms sometimes. If the telephone exchange 
operator rings, she rings with 70 volts and for 70 volts this 
connection-resistance diminishes and the parties can speak for 
one or two minutes. After two minutes the resistance becomes 
again 300 ohms and the speaking parties become hoarse, if they 
speak over long distance. I have measured line coefficients of 
power line. The result was surprising. I have found the 
kilometric resistance of a line about 11 ohms and the insulation of 
the same power line between 10,000-100,000 ohms. The out- 
going current was one milliampere at'a frequency of w =2 77 
= 10,000. We must measure all the power lines coefficients 
from 10 to 100 kilometers, because they are not balanced for the 
telephone current for such a short distance. They are balanced 
for the high-voltage currents, but not for the telephone currents. 
If we have a thousand kilometer long telephone line, it is possible 
that the branches have exactly the same resistances; the faults 
are scattered equally in the single branches, but if IJ measure 
them only in ten kilometers distance, the line is unbalanced and 
this creates noises in the telephone. There is always a consider- 
able leakage, but this can be measured with telephone frequency 
under working conditions along with the other line coefficients 
of the power line of even 100,000 voltage. 


I believe these measurements ought to be made and the whole 
balance problem ought to be studied since we have no experi- 
mental data in this respect. 


L. A. Doggett: In Mr. J. J. Smith’s article on Telephone 
Interference, he has listed six methods which have been used to 
minimize triple harmonic telephone interference. I wish to 
propose a seventh and submit some data illustrating the function- 
ing of the method. 


In briefest terms the proposal is that all neutrals of 
Y-connected induction motors or synchronous motors located 
within the power station be connected to ground. By this 
process the triple harmonic currents are provided with low 
impedance paths at the power station. These paths are of low 
impedance because both induction and synchronous motors act 
like practically stationary machines so far as the triple harmonics 
are concerned, even though they are running and doing their 
usual work of driving power station auxiliaries. 
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In the laboratories of the Pennsylvania State College apparatus 
has been set up to test this proposal. A harmonic alternator was 
connected in Y with a fundamental and a third harmonic coil in 
each leg. This machine is the counterpart of the power station 
alternator generating triple harmonics. Three wall lampboards 
connected in Y served as the load. The neutral of the load was 
then connected through an ammeter to the neutral of the har- 
monic alternator. With 91 volts generated per fundamental coil 
and 91% volts generated per third harmonic coil, yielding an 
alternator terminal voltage of 15114, the current along the neutral 
was 3.68 amperes. The neutral of a 220-volt, 20-hp. induction 
motor was then tied directly to the neutral of the alternator, thus 
by-passing some of the third harmonic currents which previously 
had gone out along the line to the load. The current along the 
neutral which was 3.68 when the grounded neutral induction 
motor was not used, was now reduced to 2.565 amperes. This 
method offers a simple and inexpensive way of decreasing the 
amount of triple harmonies which get out of the power station 
and may be applied except where separate alternators are used to 
operate the power house auxiliaries. 

P. L. Alger: Mr. Smith deals almost entirely with non- 
salient pole alternators, which have much smaller triple harmonic 
voltages than salient pole machines. If, therefore, a salient pole 
machine, such as a waterwheel generator or a synchronous 
condenser, is directly connected with an overhead line with its Y 
point grounded, much greater troubles from interference are to be 
expected than in the case of a turbine generator. The operation 
of machines direct connected to overhead lines, therefore, brings 
in some difficult problems of telephone interference, as well as of 
lightning protection and relay operation. I hope that the 
operating engineers will study these problems as a whole since 
they cannot be solved independently. 

Frank F. Fowle: (communicated after adjournment) This 
paper presents some new and interesting data on generator wave 
shape, advances a novel suggestion for an interference index 
of generator wave shape, and touches very briefly on remedial 
measures for telephone interference attibutable to residual 
voltages and currents caused by grounded generators. Mr. 
Smith has made it quite evident that the T. I. F. of generator 
voltage, from line to line, or line to neutral, as heretofore em- 
ployed, is not always the index of the total inductive influence 
which the voltage of any generator may contribute to its con- 
nected system. The paper shows that itis necessary, furthermore, 
to consider the type of armature connections in the generator and 
the manner in which the generator is connected to the system it 
serves. If the generator is star-connected, with neutral grounded, 
and feeds direct to line, the residual voltage can then act on the 
external power system. In these circumstances the generator 
residual voltage and current may require as much consideration 
as the balanced voltages and currents. 

The author has devised an ingenious plan to resolve the TeIKee 
of the balanced voltage and the T. I. F. of the residual voltage 
into a single index or weighted T. I. F. If his assumptions could 
be depended upon as reasonably correct under a wide range of 
commercial conditions, the single value of composite Haley Be 
would probably be helpful. However, the field conditions in 
actual exposures or parallels are extremely diversified, and 
moreover the inductive influence of the residual current is likely 
to complicate the problem, because it may contribute consider- 
ably to the over-all inductive effects. These considerations are 
rather adverse to the author’s proposal, and on the whole it would 
seem conservative to treat the balanced voltages and the residual 
voltage independently. 

The relative index of inductive influence of the residual voltage 
is the product of that voltage and its T. I. F. The paper supplies 
data on twenty-three generators, from which this index can be 
computed; these results are shown in the accompanying Table 
J-A. Columns (1) to (6) and column (8) are taken directly 
from Table I of the paper. In order to make the results directly 
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comparable for all generators, regardless of their line voltage, the 
product of residual voltage and T. I. F. has been divided by the 
total voltage from line to neutral, and the quotient appears in 
column (7). Itis interesting to note that this index covers a very 
wide range, or from 0.15 to 13.57. Fig. 2 herewith is a graph 
made by plotting individual points for each pair of corresponding 
values in columns (7) and (8). If there were some relationship or 
approximate connection between this interference index and the 
coil pitch, it presumably would be manifested by some systematic 
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grouping or arrangement of the plotted points. No such re- 
lationship is here evident, but the very low value of this index 
when the coil pitch is exactly two-thirds (0.667) is rather striking. 
Fig. 3 shows merely the instrument transformer connections for 
measuring this index, in case it is inconvenient or unsafe to use 
the open-delta connection of the armature windings. 


Rather obviously there are two basic means for eentrolling the 
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inductive influence arising from residual voltage and current in 
this type of power system; one means is suitably to minimize or 
eliminate the residual voltage by control of the generator design, 
thus correcting the source; the other means is to interpose some 
suitable device or alternative grounding scheme which will 
provide an adequate barrier, or a by-pass, between the generator 
residual and the line system. In order to discuss devices or 
schemes of the latter class, it would be necessary to consider 
inductive influence as a problem involving a great many charac- 
teristics of complete power systems, whereas a discussion on 
generator characteristics would seem more appropriate to the 
title of the paper. 

Star-connected armature windings have been substantially 
universal practise for a long period, but a coil pitch of two-thirds 
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has been rather uncommon for many years. Looking backward, 
however, to a time about twenty-five years ago, when the largest 
a-c. generators did not exceed 2300 volts or a few thousand 
kilowatts in rating, the delta connection of armature windings 
and the two-thirds coil pitch were then in use. Although the 
two-thirds pitch is a very effective means of preventing triple 
harmonics, and thus avoiding their local circulation in a delta- 
connected armature, there are other means which were employed 
in design to secure the same result or approach it sufficiently for 
commercial purposes. ; 

About twenty years ago it was pointed out that the star 
connection of armature windings attained the same result as the 
two-thirds coil pitch, and the designer would probably employ 
some other figure of pitch, for economic reasons, if free to do so. 
This was predicated no doubt on the assumption that the genera- 
tor neutral would be isolated, and hence the triple harmonics, if 
present in star-connected armatures, would lack any path or 
circuit in which to cireulate. 

The developments which resulted in larger generators came 
rapidly with the introduction of the steam turbine, and with 
increased size came the economic need for higher voltages. This 
in turn made it more economical of insulation to employ star- 
connected armatures, with neutrals grounded for stabilizing and 
protective purposes. Upon the advent of larger generators and 
higher generator voltages, the trend in distributing energy was to 
deliver increasing proportions of the output to transformer banks 
which stepped up the voltage for transmission over extensive 
districts, or stepped it down for local primary distribution. 

At the present time the trend of primary distribution voltages 
is upward, for economic reasons. The rapidly increasing mileage 
of electric service lines tends naturally to create more parallels 
with communication systems, more generally in areas where the 
population density is considerable. It is becoming more common 
to connect primary distribution networks direct to generator 
busses, such as 11 kv. or 13.2 kv. Grounding of the neutral 
for stabilizing, protective, and safety purposes is now almost 
universal. These facts appear to justify the use of appropriate 
means for controlling the residual voltage characteristics of 
generators installed in future. 

Returning to Fig. 2, the mean of the ordinates is an index 
figure of 7.41, but most of the individual figures are scattered over 
the general range from about 4.0 to 14.0. It is interesting to note 
that no more than four generators have the same coil pitch, and in 
all there are 13 different pitches here shown. Two machines 
have two-thirds piteh and show very low values of the index. 
One machine with a pitch of 0.80 shows an index of 2.74, and 
another with a pitch of 0.72 shows an index of 4.49, both being 
very considerably below the average. 

The factors which determine the magnitude of inductive effects 
caused by residual voltage are so numerous that it is not feasible 
to assign any particular value or limit of the above index which is 
tolerable. Experience seems to indicate that an index on the 
order of 8.0 or 9.0 might be high enough to require consideration 
in certain coordination problems, but there is little evidence as 
yet concerning lower values, except that so far as known there has 
never been any difficulty when the index is on the order of 0.2 or 
thereabouts. The latter conclusion is supported, at least tenta- 
tively, by the recent installations of several new generators 
constructed with two-thirds pitch. 

It would seem to be helpful if Mr. Smith would discuss the 
other available means in generator design for controlling the 
residual voltage and T. I. F. besides the critical two-thirds pitch, 
and comment on the relative advantages and disadvantages of all 
the known means, from the standpoint of the generator and 
its performance. 

J.J. Smith: Iam glad to note the agreement in the discus- 
sion that the subject presented in this paper is of importance in 
connection with the problem of inductive coordination, particu- 
larly since transmission at high generated voltages is becoming 
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more common. The data given by Mr. Coleman on a situation 
which he has investigated recently are of interest since the analy- 
sis of the generator voltage wave shape in that case was very 
similar to the analysis of the generators in Tables II and III of 
my paper, although that machine was made by another manu- 
facturer. It is to be hoped the work of the Joint Development 
and Research Subcommittee, N. BE. L. A. and Bell System, will 
add considerably to our knowledge of the subject. 


Mr. Coleman has shown how the impedance of a power system 
at various frequencies can be calculated from measurements of 
the voltages and currents of the different harmonics and how the 
results can be used to determine what reduction in neutral 
current harmonics will be produced by the insertion of a given 
amount of resistance or impedance in the neutral. This is an 
important matter since the impedance of systems varies consider- 
ably, depending upon their size and whether they. consist mostly 
of overhead lines or underground cables, so that while a given 
amount of impedance might be of appreciable benefit in one 
location its effect in another location might be negligible. Data 
obtained in connection with the investigations I-have described 
show that such system impedances vary in magnitude between 
fairly wide limits. I agree with Mr. Coleman that there are 
many points to be considered before the best solution in any 
given case can be determined. 


Mr. Henderson has pointed out the undesirability of the special 
winding combinations referred to in the paper. I agree with him 
that these are undesirable from many points of view and will 
result in increased cost of machines. As suggested in the paper, 
there are other alternatives which can be employed to achieve the 
same result and these should also be given consideration. 


Mr. McCurdy’s and Mr. Fowle’s suggestions of an alternative 
method of rating the T. I. F. of electrical machines from this 
standpoint are very similar. I believe their method of rating is a 
good one. My purpose in introducing the triple-harmonic 
weighted T. I. F. was to point out that there was an essential 
difference between the triple and non-triple harmonics and to 
arrive at a figure for the former which would give their relative 
effect on paralleling telephone lines as compared with the same 
effect for non-triple harmonics. When this is understood there 
appears to be no further reason for attempting to reduce the 
T. I. Fs. for balanced and residual components to a common base, 
and we may, as they suggest, simply take the product of the 
voltage T. I. F. across the corner of the opened delta and divide 
it by the phase voltage to obtain a good measure of the triple 
harmonics. In cases where the triple harmonics are the govern- 
ing factor in the triple-harmonic weighted T. I. F. this quantity 
is approximately equal to 40 times that suggested by them, as 
may be seen by referring to the machines, which are common to 
all the tables—Nos. 7, 12, 22. 


406 


ae Wee 10.1 which compares with 9.9 (Z) 
553 : E 
iach = 13.8 which compares with 13.3 (12) 
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= 11.4 which compares with 11.1 (22) 


Mr. McCurdy’s reference to the residual component T. I. Fs. 
due to capacitance unbalance of lines is interesting and may also 
be compared with the figures to be expected on a perfectly 
balanced system grounded through a transformer bank which is 
one of the methods referred to in the paper for avoiding this type 
of interference. The residual voltage T. I. F. measured on a 
transformer in one test was 0.8 at very low density, 1.75 at 
medium density, and 4.5 at high density. You will note that the 
0.8 at very low density is approximately the same as that calcu- 
lated by Mr. McCurdy for the capacity unbalance. 

Professor Doggett suggests that we connect the inductive 
motors and a-c. station to the neutral of the generator and use it 
to reduce the amount of the triple harmonics. While it is easy 
to obtain the result which he got in the Laboratory when the two 
machines were probably about the same size, in actual practise 
the station apparatus is perhaps 1/25 or so of the kv-a. of the 
main generator. Assuming both of them have the same per cent 
impedance, the maximum reduction in ordinary operation would 
be 1/25 = 4 per cent. On account of this small reduction I do 
not see much hope of using his suggestion in actual practise. 

It may be well to point out that it may be difficult to use the 
ordinary T. I. F. meter to make the measurement suggested by 
Mr. Fowle in Fig. 2 if the potential transformers are rated 110 
volts on the secondary side. For instance, with machine No. 1, 
Table I, using 100 to 1 potential transformers connected in this 
manner, the microamperes through the thermocouple in the 
network would be 750 X 230/100 = 1700 which would corre- 
spond to about 8 divisions out of 100 on the meter we use. The 
readings at this part of the scale would not be very accurate. 
Furthermore, the voltage across the open corner of the delta 
would be 230/100 = 2.3 volts which is too low to read on the 
T. I. F. meter. In general, ‘some amplifying device would be 
needed to obtain the results required or a harmonic analyzer 
of a type already described before the Institute in which vacuum 
tubes are incorporated to give high sensitivity might be used. 
In the factory, however, the measurement can be made by con- 
necting the machine itself delta with one corner open and using a 
lower ratio potential transformer. 

It is difficult to add anything at the present time as to other 
available means for controlling the residual voltage and T. I. F. 
since, as pointed out by Mr. Fowle himself, no limit for a tolerable 
value of the index has been set. 'The number of factors at the 
disposal of the designer is considerably less than the possible 
number of harmonics, and the designer must use these factors 
to the best advantage so that all the harmonics may be of 
reasonably small magnitude. As a general rule if he designs so 
that certain harmonics will be very small, the effect will be to 
increase the remaining harmonies over what they would be 
otherwise. 

Mr. Gati’s suggestion that the balance of the telephone lines 
must also be considered is important. The Joint Development 
and Research Committee of the N. E. L. A. and Bell System is 
also studying this part of the problem. 
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Synopsis.—Line grounds on the secondary of an auto-trans- 
former, fed from a grounded system, tend to invert the neutral of 
the auto-transformer. If the auto-transformer is isolated, this may 
lead to larger voltages, and if grounded, to larger currents than what 
would ordinarily be expected. The analysis of an important 
installation (75,000-kv-a., three-phase units at Detroit) is given 
below, for various possible connections and conditions of operation. 

Features of the analysis are: (A) A novel theory and method 


INTRODUCTION 


HE use of auto-transformers in transmission cir- 
T cuits involves much more complicated problems 
than the use of straight transformers. It is very 
desirable to clarify the solutions of such problems so as 
to enable consulting and operating engineers to ascer- 
tain readily the characteristics of such circuits and the 
effect of various modifications. This study was under- 
taken in connection with some 175,000-kv-a. auto- 
transformers now installed in the Detroit-Edison sys- 


Fig. 1—DiaGcram or GROUNDED GENERATOR FEEDING AN 
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tem, and this concrete application of the theory makes 
the presentation the more interesting and instructive. 


MEANING OF “INVERSION” 


Fig. 1 shows a grounded generator feeding an isolated 
step-up auto-transformer. Under normal conditions, 
the potential of N is at the center of gravity of the 
vector diagram, and hence coincides with that of the 
neutral of the generator and ground. 


If terminal b becomes grounded (Fig. 2), the potential 
of b is moved to ground to correspond to 0; and, since 
the potential of a is definitely fixed by the generator, 
the movement of 6 (to where N was formerly) reverses 
the direction of the voltage a b as will be seen in Fig. 2. 
The reversal of the excitation on a-— b reverses the 
entire leg N — 6 and throws N outside of the triangle 
of line voltages. Hence the term “inversion.” It 
appears that L. F. Blume first predicted this phenom- 
enon and called it to C. P. Steinmetz’s attention, 
whereupon the latter christened it as “inversion” of 
the neutral. 


1. Transformer Engg. Dept., General Electric Company, 
Pittsfield, Mass. 

Presented at the Winter Convention of the A. I. EH. E., New York, 
N.Y., Jan. 27-81, 1930. 


of auto-transformer circuit representation was developed to handle 
some aspects of this problem that otherwise appeared elusive. The 
method is applicable to all networks involving auto-transformers. 
(B) The rather startling fact is brought out and explained that 
fault currents to ground on the secondary lines of an auto-trans- 
former may be larger when stepping-up than when stepping-down. 
The prediction has been verified by test. 


* * * * * 


Besides reversal, a change in magnitude also takes 
place in the excitation of a — 6b because while formerly 
(in Fig. 1) it was determined by the auto-transformer 
ratio, now it has to be equal to o — a regardless of what 
the auto-transformer ratio may be. 


VECTOR DIAGRAM OF INVERSION 


The vector diagram of Fig. 2 is drawn as follows: 
The points a, b, c, d are fixed directly by the generator; 
a— N is drawn equal to a— 6 times the ratio of the 
common turns to the series turns; N — cand N— dare 
then drawn extending to e and f respectively, making 
the ratio of e— ctoc — N (orf — dtod — N) that of the 
series to common turns. The excitation of the faulty 
leg in terms of normal excitation is E»/(Ei» — Ew)— 
that is, the low-voltage line voltage divided by the 
difference between the high- and low-line voltages. 


Fig. 2—Same as Fic. 1 wits TEermMinaL b GROUNDED 


Obviously, as the high- and low-line voltages approach 
each other, this overexcitation is increased. Thus, if 
the difference between high- and low line voltages is 
10 per cent, the faulty leg becomes excited 10 times 
normal. 

Considering the circuit from the standpoint of short- 
circuit currents, it will be seen that there will be no 
short-circuit currents in the ordinary sense, but the 
over-excitation of the auto-transformer may cause 
exciting current rushes comparable to short-circuit 
currents, depending on the degree of overexcitation. 

The connection analyzed in Figs. 1 and 2 is obviously 
not a desirable operating connection, especially for 
booster auto-transformers. It was chosen merely for 
illustration on account of its simplicity and accentuated 
overvoltages. Operative connections avoid these exces- 
sive inversion voltages, but are accompanied by inver- 


810 


30-23 


April 1930 


sion currents. Ten such cases are analyzed below with 
respect to currents and voltages, and the results are 
arranged in Table I. 
DISCUSSION OF CASES 

The circuit connections and ground and fault loca- 
tions for the ten cases are shown in the first column of 
Table I. The corresponding zero-sequence impedance 
networks are shown in the second column. ‘The posi- 


TABLE I. 
Inversion Currents and Voltages in Auto-Transformers 
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72. 2S A 
tive and negative sequence networks are not shown 
because they are obvious. The first four cases in which 
the delta tertiary winding is omitted, are of only 
theoretical interest for comparison, as the transformers 
actually have tertiary delta windings. For this same 
reason, these four cases have been simplified assuming 
that the zero sequence impedance of the auto-trans- 
former (194 per cent for the full winding) is high enough 
to compel all the zero sequence current to flow through 
the generator. The resistances of these circuits being 
very small compared with the reactances, the impe- 
dances are treated as reactances. 

By the well-known general formula, applicable to 
all cases of single-phase, line-to-neutral short-circuits 
on three-phase circuits, 


3 E 
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WD pants = 


300 < base current 
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Since the positive and negative sequence networks 
are obvious, the main problem is to trace and evaluate 
the zero-sequence networks. 

Some of these cases (Cases 5-10) involve zero- 
sequence networks that are both conductively and 
inductively interlinked, and are elusive to handle. 
It was for this purpose that a new theory of trans- 
former and auto-transformer equivalent circuits was 
developed. 


NEw THEORY OF TRANSFORMER AND AUTO- 
TRANSFORMER CIRCUITS? 


The conventional equivalent circuit of a transformer 
or auto-transformer is constructed on a one-to-one ratio 
basis, and therefore will not step-up or down any cur- 
rent or voltage. It is obvious, therefore, that a trans- 
former in a network cannot actually be replaced by 
such an equivalent circuit without spoiling its funda- 
mental function. This same observation holds true 
for our equivalent circuit representations of three- 
circuit transformers. All of these circuits are equiva- 
lent for certain purposes only, and no further. In 
analyzing complicated networks, however, we need an 
equivalent circuit which can actually completely re- 
place the transformer or auto-transformer and perform 
all its functions. Such a circuit is derived by reasoning 
as follows: 


The characteristics of a stationary outfit (which may 
be a transformer or auto-transformer) are completely 
determinable by measurements at its terminals, and 
therefore, such an outfit is completely replaceable by 
any other outfit which yields similar measurements at 
its terminals. Considering an auto-transformer with 
three terminals, a, 6, and c, all the characteristics 
measurable at its terminals are that certain three 
impedance values Za», Zoe; and Z., exist among those 
three terminals; and, therefore, the outfit should be 
replaceable by any network having similar terminal 
impedance characteristics. The internal connection 
of the equivalent network may be anything we please, 
but Y and delta are the simplest alternatives. Ac- 
cordingly, if we choose the Y equivalent, the values of 
the leg impedances Z., Zs, Z. in terms of the given 


2. A thorough discussion of this theory was published in 
two articles in the General Electric Review for February, 1929. 
under the titles of ““New Theory of Transformer and Auto-Trans- 
former Circuits,” by A. Boyajian, and“ New Equivalent Cireuits 
for Auto-T'ransformers and Transformers with Tapped Secon- 
daries,” by D. R. MacLeod. Through a strange coincidence, the 
two authors arrived at the same theory at the same time, while 
working on different problems, unaware of each other’s work. 
Since the publication of these articles, Mr. W. D. Cannon 
called the writer’s attention to an article in the Bell System 
Tech. Jl., Jan. 1925, p. 84, under the title of “Mutual Inductance 
in Wave Filters,” in which transformer equivalent circuits, simi- 
lar to those discussed here, are mentioned and credit is given in 
particular to Messrs. G. A. Campbell and W. L. Casper. The 
first foreshadowing of the idea is apparently in a paper by 
Campbell, Cisoidal Oscillations, A. I. E. BE, Trans., Vol. XXX, 
Part II, pp. 873-909. 
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auto-transformer impedances Zv, Ze, Zca Will be: 
Za = (Zar — Zee + Zea) /2 vectorially. 
Zi = (Zee — Zea + Zas)/2 vectorially. 
Ze = (Lea — Las + Zs) /2 vectorially. 

In appearance, these formulas are similar to those 
used in three-winding transformers, but there is an 
important difference. In three-winding transformers, 
the impedances are reduced to a common kv-a. basis 
if they are in percentage form, and reduced to the same 
circuit if in ohmic form; whereas in the present case 
the ohmic values are actual (measured) ohmic values 
without any reduction or transformation, while per- 
centage values are to be based on the same amperes 
and volts without changing the circuit, as will be illus- 
trated below. 

It will be seen on further study, that the current and 
voltage transformations accomplished in the auto-trans- 
former by magnetic coupling, are accomplished in the 
equivalent network by shunt and series resonance. 

Example. To avoid beclouding the main features 
of the discussion by unessential incidental details, we 
will ignore the losses of the auto-transformer in this 
illustration, and consider only the reactive constants. 


Let Fig. 34 represent a 1000-kv-a. auto-transformer, | 


stepping up from 1000 volts to 2000 volts, with approxi- 
mately 10 per cent magnetizing current and 10 per cent 
leakage reactance. Such an auto-transformer can be 
completely replaced by the equivalent network shown 
in Fig. 3B. Any test applied to this network will show 
it to have the same characteristics as the specified auto- 
transformer. For instance, with a 1000-ampere unity 
power factor load across the secondary H — N, and 
2000 volts maintained across it, the primary voltage 
will be (1010 + 7 100) volts (which includes regulation), 
and primary current (2000 — 7200) amperes (which 


H 
at 
N N 
auc b 
Hien 3 
a—Dr8vELOPED WINDING DiaGRAM 
b—ComPpLETE EQUIVALENT CIRCUIT REPRESENTATION 
1000-ky-a., 1000-volt low-voltage, 2000-volt high-voltage auto-trans- 
former with approximately 10 per cent magnetizing current and 10 per cent 
leakage reactance 


faeal H 
F998 F201. 
#202 


includes magnetizing current). The primary voltage 
includes correctly even the regulation caused by the 
magnetizing current.’ 

The application of the foregoing theory and equiva- 
lent circuit to the problem of this paper is to the zero- 
sequence network in Cases 5-10, where the generator 
and auto-transformer zero-sequence paths are linked 
both conductively and inductively in a complicated 


3. Just enough discussion of the theory is here given to clarify 
its application to the present problem. Those who are interested 
in the theory beyond its present application should refer to the 
articles mentioned in the foregoing footnote. 
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manner, and the end sought is to replace the auto-trans- 
former by an equivalent circuit, the branches of which 
have no mutual magnetic linkage, in order that the 
resulting network may be solved by elementary 
methods. 


The details of all these calculations and other steps 
required in the preparation of Table I are given in the 
appendix to this paper. : 


RELATIVE MAGNITUDE OF HIGH- AND LOW-VOLTAGE 
FAULT CURRENTS 

The fault current in a line-to-line short circuit on the 
secondary of an auto-transformer, is less on the high- 
voltage side than on the low-voltage side, being in the 
inverse ratio of the voltages; but this relationship does 
not hold true for line-to-neutral fault currents, especi- 
ally when the fault current is limited entirely, or largely, 
by the zero-sequence impedances. 


The auto-transformer steps up the voltage and also 


Ren 
lee 


B 


Fie. 4—D1aGraM OF GENERATOR Fenpine AuToO-TRANSFORMER 
Wits Tertiary DeLta 


the positive and negative sequence impedances, but 
not the zero-sequence impedance; and therefore, when 
the zero-sequence impedance is dominant, short-circuit 
currents may be higher on the high-voltage side than 
on the low-voltage side. When the zero-sequence 
impedance is internal, these relations may be somewhat 
difficult to see, but when the zero-sequence impedance 
is external, the principle involved can easily be made 
clear, and the reasonableness of the more involved 
cases established. 

Referring to Fig. 4, a line-to-line fault current, I;s, 
at B will be smaller than a line-to-line fault current, 
I;,, for a fault at A in the ratio . 


Typ Evy , 
Teens 


that is, less than the inverse ratio of the voltages, on 
account of the added auto-transformer impedance for 
faults at B. This is as we would expect it to be, but 
consider now the line-to-neutral fault currents: 

The generator is grounded through a 10-ohm resis- 
tance representing 382 per cent zero-sequence impedance, 
purposely chosen high so that the generator and auto- 
transformer impedances may be negligible in compari- 
son, and simplify calculation. 

Will a line-to-neutral fault current (I;s) at B be less 
than that (J;,) for a line-to-neutral fault at A? 
Obviously, 
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0.57 E.y 
ic ees 
For a fault at B, the current will have to be 
0.57 Huy 
fehersoniy 


because as the auto-transformer offers no impedance to 
the flow of zero-sequence currents in its series winding, 
there will be no stepping-up or down of these currents, 
and the zero-sequence impedance of the installation 
will be the same whether measured at A or at B. We 
thus arrive at the result that 


I;z 
Tis 


the inverse of that for line-to-line short circuits. 


If the zero-sequence impedance had been within the 
generator windings the result could have been in no 
way different. If the zero-sequence impedance had 
been partially within the generator and partially within 
the auto-transformer, the result could again have been 
in no way different, assuming this time, however, that 
when the fault is at B the generator is at A, and when 
the fault is at A the generator is at B. These conclu- 
sions were verified by test. 


Appendix 
Rating AND IMPEDANCE Data 
Generator Data 


1. Kv-a. rating (three-phase)........... 75,000 
EV OlbA Or (ING) setts ois sabes fens = ar 12,000 Y 
SEPA ERES (MING). aang oat ccciepe ses eyelets os 3,620 


Reactances (to the basis of 75,000 kv-a.) 
Zi positive sequence...............- 


4, 13.5 per cent 
5. Ze negative sequence..............- 


13.5 per cent 


Gye ,o-Zero SEQUCNCE. ssa 3c. see oe sy 5.7 per cent 
Auto-Transformer Data 
7. Ky-a. output (three-phase)........... 75,000 as auto. 
So Low-voltage: (lines) oo. 2. as)scins os its 12,000 Y 
9., High-voltage (lines)................. 25,600 Y 
10, " Ampores L..V¥. (ines)... 02... 2%. 3,620 
ieee ATA Peres tls Vn CIMES)\sc nc ees aes 1,692 
Series Winding 
12s Kevan CaS Aras.) contents» ss nee es 40,000 
See VOL PARO oe hie eee eis tare ss kek ode se ee 13,600 Y 
14. Amperes (line and cojl).............. 1,692 
Common Winding 
lSeweKcveau(as trans’) ison... cats Huns cies oe es 40,000 
1 Gi Moltage (line) toscana atoll opercrcue iy /ois 12,000 Y 
17. Amperes (ine'and coil)..........:... 1,928 
Tertiary Delta 
ive) eee (CX me hay erg Amo kre Mo Oba Ors DK 18,750 
19... Voltage: (ine-and. Goil)ice gore Seals. te 6,630 delta 
Dil ATR DOTOS (COW) sehen aot seiaieie i Gini oe 942 
21. . Auto. Coratio: k = 0.532 
(BE, — E2)/E, 
22, k? = 0.283 
Impedances 
23. Auto-transformer operation (75,000- 
ky-a. output.) (Series common to 
COMMON) Ser eminy aeisiles = cele rs 9.68 per cent 
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Series to Common Zsz 
24, As transformer 40,000 kv-a........... 
25. As transformer 75,000 kv-a.......... 
Series to Tertiary Zs; 
26. As transformer 18,750 kv-a........... 
27. As transformer 40,000 kv-a.......... 
28. As transformer 75,000 kvy-a 
Common to Tertiary Z ¢: 
29. As transformer 18,750 kv-a 
30. As transformer 40,000 kv-a 
31. As transformer 75,000 kv-a 
Sertes Common to Tertiary Zsc—1 
32. As transformer 18,750 kv-a........... 3.96 per cent 
33. As transformer 75,000 kv-a........... 27.4 per cent 
The positive, negative, and zero-sequence impedances of the 
auto-transformer windings are: 
34. Zsc: (Based on 75,000 kv-a. output)... 
35. Zsco (Based on 75,000 kv-a. ouput).... 
Zsco (Based on 75,000 kv-a. output) 
36. Exclusive of tertiary: (delta open)... 
37. Inclusive of tertiary: (delta closed). . 
Zso (As auto-transformer, 75,000 kv-a. 
HVT OTE as EES i i Se La 
38. Exclusive of tertiary: (delta open).... 44 per cent 
39. Inclusive of tertiary: (delta closed)... 11.7 per cent 
Zo (In terms of L. V. lines, 75,000 
kvy-a.) 
409 Delta DRI erertac cis siaco is ensuite 201 per cent 
AN Wel ta Closed aanecldn twin atom veceine 13.9 per cent 


Comments on the Zero-Sequence Impedances. In Y 
connected single-phase units, also in Y connected 
three-phase shell type units, the zero-sequence impe- 
dance is a magnetizing impedance and may therefore 
be considered infinity (except for saturation due to 


18.2 per cent 
. 33.2 per cent 


12.25 per cent 
. 26.15 per cent 
decks iat hs he 49. per cent 
3.59 per cent 
7.63 per cent 
14.3 per cent 


9.68 per cent 
9.68 per cent 


194 per cent 
24 per cent 


b 


Fig. 5—Vector DIAGRAM OF VOLTAGES 


overexcitation); but in core-type three-legged three- 
phase units, the coupling of the magnetic circuits of 
the three legs acts like a high-reactance tertiary delta 
winding, as will be seen in the data items 36, 38, and 40. 
The reason why 38 is not as high as 36 and 40 is that 
38 has had to be reduced to a current and voltage basis, 
which represents only 40,000 kv-a. in the series windings 
but 75,000 kv-a. in the output. 

When a delta tertiary winding is provided in trans- 
formers, the reactances with respect to the tertiary are 
also the zero-sequence reactances (reduced to the 
proper basis of current and voltage); but in core-type, 
three-legged, three-phase units, the zero-sequence 
impedance is the resultant of the effects of, (a), the 
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interphase coupling due to the core structure, and (b) 
the delta winding. As the first is usually very large 
compared with the latter, the resultant may be taken 
as the two impedances in parallel, instead of attempting 
the equivalent of a. three-circuit resolution. Thus 
(41) is substantially equal to (40) and (81) in parallel. 


STEPS IN THE CALCULATION OF TABLE I 


CasE 1. (SEE DIAGRAM 1, TABLE I.) 

The zero-sequence currents flow through the genera- 
tor and are stepped up through the auto-transformer. 
Hence, 

Zo =) 5.7 +7 9.68 = 7 15.4 per cent 
Z, =j 18.5 +7 9.68 = 7 23.2 per cent 
Z. = Ditto 

(21.4 4a). = 9 40.4 

This last quantity remains unchanged in all cases, 
and is therefore well to remember. Only Z,) changes 
from case to case. In the present case, 

Zo + (41 + Z:) = 7915.4 + 7 46.4. = 7 61.8 per cent 
Hence: 


300 x 1692 
61.8 


= 4.85 < Base 

The maximum currents in the generator and the series 
and common windings of the auto-transformer will 
similarly be 4.85 times the base or normal current 
corresponding to 75,000 kv-a. three-phase. 

As both generator and auto-transformer neutrals 
are solidly grounded, no overvoltages will appear. 

CASE 2. (SEE DIAGRAM 2, TABLE I.) 

This is similar to Case I, with the addition of a one- 
ohm resistor in the ground lead. 

One-ohm resistance in the neutral is equivalent to 
34.4 per cent zero-sequence impedance in terms of the 
high-voltage circuit, derived as follows: 

1 x 1692 x3 
25,600  .577 


The multiplier ‘3’ arises from the fact that if the 
rated 1692 amperes flow in the lines in zero sequence, 
the resistor current is three times that value. 

The total zero-sequence impedance is therefore (see 
Diagram 2 in Table I): 

9 = 34.4 +7154 
and 2,+24,+ 25 = 344 +7154 +7 46.4 
= 34.4 + 761.8 = 70.7 per cent 


Tpautt = = 8220 amperes 


%I Ro = x 100 = 34.4 


Hence: 
300 
Traut = 70.7 * Base 
= 4.25 < Base = 7,180 amperes 
T sevice "= 4.25 X' Base =*"7;180 amperes 
LT cinmon, = 4.20 < Base = 8,140 amperes 
Igen, = 4.25 X Base = 15,300 amperes 


Transactions A. I. E. E. 


The auto-transformer neutral, being tied to that of 
the generator, cannot invert; but due to the drop in 
the resistor between the neutrals and ground, both 
neutrals will rise above ground 1 x 7180 volts. 

The power factor of the fault current (with respect 
to the corresponding leg voltage at no load) is 34.4/70.7, 
or 48.7 per cent, representing approximately 60 deg. 
lag. This will bring the resistor drop practically in 
line with one of the other phases (the leading phase), 
so that the voltages to ground on that phase will be the 
arithmetic sum of the leg voltage and the resistor drop. 
Thus: 


Max. Exv to ground = (12,000 x 0.577) + 7180 = 14,100 
Max. Euv to ground = (25,600 0.577) + 7180 = 21,830 


No voltage-regulation need take place in the un- 
grounded phases, as they will have no current except 
what little may be induced due to interphase induction. 


CASE 3. (SEE DIAGRAM 38, TABLE I) 


Here the resistor is in the generator neutral, with 
a magnitude of only quarter of an ohm; but, by 
being in the L. V. circuit, it is equivalent to a higher 
per cent impedance (389.2 per cent) than the one ohm 
resistance of the preceding case. We have then: 
Z2+414+ Z, = 39.2 +79 (15.4 + 46.4) 
= 39.2 + 761.8 = 78.2 per cent 


300 
dk ome = 739 X Base 
= 4.1 X Base = 6,920 amperes 
iL oncee = 4.1 x Base = 6,920 amperes 
Tomas = 4.1°X-Base =, 7,870 vamperes 
le = 41 X Base = 14,820 amperes 
WE ys: = 0.25 X 14,820 = 3,710 volts. 


The power factor and angle of lag of the fault current 
being substantially the same as in the preceding case, 
arithmetic addition of leg voltages with neutral drop 
is again possible. Thus: 


Max. Exv to ground = 6930 + 8710 = 10,640 volts. 


Since the auto-transformer neutral is solidly grounded 
this voltage (1.54 x normal) will be impressed on its 
corresponding phase so that the maximum high-voltage 
stress to ground will be 1.54 times normal, equal to 
22,800. The core will also be overexcited in that leg 
in the same ratio. 


CASE 4. (SEE DIAGRAM 4, TABLE I) 


To determine the effective zero-sequence impedance 
introduced by the one-ohm resistor in the generator 
neutral, we note that with rated current (1692 amperes) 
in the high-voltage lines in zero sequence, the resistor 
current is three times that in the common windings. 
That is, 5770 amperes consuming 33,200 kw., which is 
44.4 per cent of the output, as indicated in the zero- 
sequence network (Diagram 2, Table I). This method 
of evaluating the effective impedance introduced by a 


— . 


ee 
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fool-proof, being a direct application of the law of 
conservation of energy. 


Ey, + E, + E, = 444 +9154 +) 46.4 
= 44.4 + j 61.8 = 76.1 per cent 


300 
Tyautt = 761% Base 
= 3.94 * Base = 6,660 amperes 
yeaa = 8.94 * Base = 6,660 amperes 
Teommon = 3.94 X Base = 7,570 amperes 
ee = 3.94 x Base = 14,200 amperes 
Dereon haeee AL committal = 17,570 amperes 


Obviously, the potential of the auto-transformer 
neutral to ground will be the resistor drop, 1 x 7570 
volts. 

The potential of the low-voltage lines to ground 
cannot rise above normal because the solidly grounded 
generator fixes it definitely. 

The excitation of each leg of the auto-transformer is 
the resultant of the corresponding generator leg voltage 
and the resistor drop, and since the latter is substan- 
tially in line with one of the ungrounded phases, they 
may be combined arithmetically, giving 


12,000 x 0.577 + 7570 
12,000 x 0.577 


= 2.1 < normal. 


The maximum high-voltage leg voltage will there- 
fore be 2.1 times normal, or 31,000 volts; and the 
maximum line voltage to ground will be 31,000 minus 
the resistor drop, or 23,430 volts. 


Auto. excitation = x normal 


CAsE 5. (SEE DIAGRAM 5, TABLE I) 

Cases 5 to 10 include a tertiary delta winding, and 
therefore the auto-transformer has a: low zero-sequence 
impedance. In some of these cases the paths of the 
zero-sequence currents lead to a network with series 
and parallel branches interlinked both conductively and 
inductively, making it desirable to develop a suitable 
equivalent circuit representation for the auto-trans- 
former without magnetic coupling. This was accom- 
plished as described in the main body of this paper. 

Thus, from item (37) in the section on data, we have 

Zee = 24 per cent 
based on the high-voltage line current and voltage. 
From item (39), 
Zs-0 =S11.7. per cent 


based on the same high-voltage line current and voltage. 

Item (41) gives Z._, as 13.9 per cent to the basis of 
low-voltage line current and voltage, and needs con- 
version to the high-voltage current and voltage basis, 
as follows: 


12,000 


2 
25,600. = 3.05 per cent 


Zece = 13.9 XS | 


Indicating the low-voltage terminal by L, the high- 
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voltage terminal by H, and the neutral end of the phase 
by N, 


Zin =) 4e-0 = 11.7. per cent 
Zan = Zero = 24 ) percent 
Zric= Z.-9)= 3.05 per-cent 
Hence, . 
Zu = (11.7— 24 + 8.05)/2 = — 4.62 per cent 
Zu = (24 — 3.05 +11.7)/2 = 16.32 per cent 


Zw = (8.05 — 11.7 + 24)/2 


The generator zero-sequence impedance must also be 
reduced to the high-voltage current and voltage basis, 


ey aa | 12,000 
tate Oh es | 25,600 


I 


7.67 per cent 


2 
= 1.25 per cent 


The equivalent zero-sequence impedance network of 
the bank (including generator and auto-transformer) 
is shown in Diagrams 5-10 in the Table, together with 
such other impedance as may have been put in the 
neutrals. 

Considering Case 5 specifically, the effective resultant 
zero-sequence impedance of the outfit, with connec- 
tions as shown with one-ohm resistance in the trans- 
former neutral, will be 


7 1.67 (7 1.25 — 7 4.62) 
4 7.67 +9 1.25 — 7 4.62 


J = 94.4 15 16,92 2 


= 34.4 + 7 10.32 
Z+21+Z. = 344 + 710.382 +3 46.4 
= 34:4 +7 56.7 = 66.3 per cent 
300 


~ 66.3 


= 4.52 x Base = 7650 amperes 


The zero-sequence component of this current is one- 
third, or 2550 amperes, and divides between the 
generator and the auto-transformer, as 


To common wag, = 2550 (1.25— 4.62)/(7.67 + 1.25 — 4.62) 
2550 (— 3.37)/4.8 = — 2000 amperes 
2550 (7.67) /4.38 = 4550 amperes 
Lovech ieoumneds 2550 amperes 

The resultant maximum total currents at the various 
points will be: 


Tecurs x Base 


I 


I 


Io generator 


I 


Lecbum = 7650 amperes (fault current) 
(faulty phase) 
Tieton positive and negative sequence 
(faulty phase) 
SONICS) DOE 
= — 5780 amperes 
zero-sequence = — 2000 amperes 
Total = — 7780 amperes 


Tiertiary is entirely zero-sequence current, and is the 
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resultant of the zero-sequence ampere-turns in the 
series and common windings. 
kv-ao series winding 

=  25500<)13600 *:1L:T3i= 
ky-a) common winding 

= — 2,000 x 12000 x 1.73 = — 41,500 


60,000 


Resultant = 18,500 kv-a. 
(Total of all three phases = 0.246 X Base 
of delta) = 0.986 X capacity 


The tertiary kv-a. will be somewhat less than this, 
in the same ratio in which the core type construction 
reduces the zero-sequence impedance below that ef- 
fected by the tertiary delta winding, but this refine- 
ment may be ignored. 


Tjeneratory positive and negative sequence 
(faulty phase) 
= eu hs 10,850 
= (l= kas ae 
Toeneratory ZeYO-Sequence =’ 41550 
(faulty phase) 
Total for the faulty phase = 15,400 amperes 
: = 4.25 < normal. 


In the other phases of the generator, the short-circuit 
current will be: 
Resultant of positive and 


7650 
negative sequence currents = ———.— = 5,425 
(— k)3 
Zero-sequence current = — 4,550 
otal = 875 


This current is advanced 380 deg. with respect to one, 
say Phase II, and retarded 30 deg. with respect to the 
other, or Phase III, in addition to the power-factor 
angle of the short-circuit current. This can be verified 
by sketching the three polyphase components of the 
short-circuit current. The power factor of the fault 
current with respect to the no-load voltage is 34.4/66.3, 
or 52 per cent corresponding to about 60 deg. lag. 
Hence, the lag in one of those phases will be 90 deg., 
and in the other, 30 deg. 

The drop due to the resultant of positive and nega- 
tive sequence currents will be (18.5 x 5425/3620) 
= 20 per cent; that due to the zero-sequence current, 
5.7 (— 4550/3620) = — 7.17 per cent; net drop 12.8 
per cent. In Phase III, this will be parallel to the 
_ phase voltage and produce a 12.8 per cent regulation; 
while in Phase II it will subtract at a 60 deg. angle 
from the phase voltage and affect it only slightly. 

The maximum low-voltage line potential to ground 
will be on Phase II, due to the neutral shift and the leg 
voltage adding practically arithmetically; (12,000 
< .577) + °7650, equal to 14,570 volts. The high 
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voltage line voltage to ground on the same phase, will 
be (25,600 x .577) + 7650, equal to 22,400 volts. 


CASE 6. (SEE DIAGRAM 6, TABLE I) 

This is similar to Case 3, except for the delta; but, 
due to this same delta, the generator Z» entered as 5.7 
per cent in Diagram 3, is entered as 1.25 per cent in 
Fig. 5-10; and therefore, the resistance Ry entered as 
39.2 per cent in Diagram 3, must be reduced in the same 
ratio and entered as 8.6. The zero-sequence impedance 
network is otherwise obvious, as shown in the diagram. 
Solving for the resultant impedance of this network, 

9 7.67 (8.6 — 7 3.37) 

7 7.67 + (8.6 — 7 3.37) 
= + 5.47 + 7 21.2 
Z+2Z1:+ Z, =547 +7 21.2 + 746.4 = 5.47 +7 67.6 
"= 67.9 per cent 

300 
67.9 
= 7480 amperes 


Zo = + 7 16.32 


Lpents < Base = 4.42 x Base 


The zero-sequence currents in the generator and the 
common winding of the auto-transformer will be out of 
phase from each other, on account of the presence of 
both resistance and reactance in the loop of the zero- 
sequence network. By an inspection of the diagram, 
it will be seen that 


I, generator -, Gul O1 
I common wdg, i 8.6 = i) 3.307 
I, generator £ ‘) 7.67 a f) 7.67 
Ly toe OP SG c 79 3.387 + 9 7.67 1. 836 +7 4.3 
= 0.857 +7 0.71 
7480 
I generator = Tae (0.857 =a) 0.71) amperes 
= (891 + 7 1770) amperes 
I common wdg, 8.6 < ) 3.37 
dL otserei 8.6 — o) 3.37 + 7 7.67 
= 0.644 — 7 0.715 
7480 . 
Io common was, = —g (0.644 — j 0.715) amperes 


= (1608 — 7 1784) amperes . 


The tertiary current, as the resultant of the zero- 
sequence currents in the series and common windings, 
and in terms of the base current, will be 


3 Es 71784-7480 ) : 
tert, = 3620 Baion |S oe 
= (1.22 — j 0.49) x base 


= 1.32 < base = 5.8 X normal capacity. 


— 
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The maximum total generator current on the faulty 
phase, will be 


. . = f 
Positive and negative sequence = 7480 X2/3 x( te 4) 


= 10,620 


Zero-sequence 891 + 7 1770 


Total 


11,511 + 7 1770 
= 11,600 amperes 
The maximum total common winding current on the 
faulty phase, will be 


k 
Positive and negative sequence = — 7480 X2/3 X eS 


= — 5650 
Zero-sequence = 1608 — 7 1784 
Total = — 4042 — 7 1784 
= 4420 


The current passing through the generator neutral 
resistor is 3 (891 + 71770) amperes or 5940 amperes, 
and the corresponding drop through the quarter ohm 
resistance, 1485 volts. 

The upper limit of voltage stresses to ground will be, 
on the low-voltage side, the arithmetic sum of generator 
neutral shift and leg voltage. That is, 8400 volts,—in 
reality much less. _ On the high-voltage side, the stress 
will be practically limited to less than the normal leg 
voltage, because the generator neutral shift. appearing 
as an overexcitation of the corresponding leg will be 
short-circuited by the delta as a zero-sequence voltage, 
and fail to be stepped-up properly into the series 
winding 

CASE 7—(SEE DIAGRAM 7, TABLE I) 

The main features of the zero-sequence impedance 
network are that, (a), the generator neutral resistor is 
four times that in the preceding case, and therefore it 
is entered as 34.4 per cent; and (b) the auto-transformer 
neutral being isolated, the corresponding branch in the 
diagram is shown opened. 

Zo = 34.4 + 712.95 
Zot Z,+ Z, = 84.4 + 712.95 + 7 46.4 
= 34.4 +7 59.85 = 68.6 per cent 

30 
~ 68.6 
= 7400 amperes 


Tpaats x base = 4.88 xX base 


Leanenae or 


Positive and negative sequence component 


25.6 
= 7400 < 2/3 X Ge 10,520 


Zero sequence component 
= S2AGT 


Total 12,987 
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(Note that the positive and negative sequence currents 
are transformed, but not the zero sequence current.) 

The common winding current contains only positive 
and negative sequence currents (no zero sequence cur- 
rent), and these add arithmetically on the faulty phase, 
and at 120 deg. on the other phases, the latter being 
one-half of the former. 


Lecnoman  0 2X “- = 5600 amperes 
(faulty phase) 
= (4.38/38) (18.6/25.6) x base 
= 0.776 X base =3.1 X normal capacity 
The generator neutral shift due to the resistor drop 
will be 7400 volts. If the regulation of the generator 
be ignored, the maximum low-voltage line voltage to 
ground will be 7400 plus the leg voltage, or, about 
14,000 volts—actually, of course, considerably less. 
Neutral shift is nothing but the superposition of a 
zero sequence voltage. What can be induced in the 
auto-transformer is small on account of the presence 
of the delta, in the present case 17 per cent. The high- 
voltage line voltage will be the low-voltage drop to 
ground plus the series winding voltage. That is, 
(14,000 plus 13,600 x 0.577) volts, exclusive of the 
voltage regulation of the low-voltage lines which tend 
to reduce this voltage, and exclusive of the zero sequence 
drop of the series windings which tend to increase it. 
Thus, 22,000 volts may be taken as the upper limit. 
Closer calculation will be illustrated in a later case. 


Dateary 


CASE 8. (SEE DIAGRAM 8, TABLE [) 


In the light of the foregoing discussions, the zero 
sequence network diagram is believed to be obvious. 


Zo + Zi +2. = 344 +9724 45464 = 84445 704 


300 
Tpautt = 75 x base = 3.82 base 
= 6470 amperes 
emi coAG 
Le cnetton = 6470 x 2/3 KO a, eS 9200 amperes 


(Positive and e 


negative sequence 
only) 
= 3.82/3 = 1.27 x base 
Veh S54 ee 1 
LScnmon wag. 2 = 6470(— 3X 42 +5) = — 2740 amperes 
(faulty leg) 

On the isolated legs, the resultant of the positive and 
negative sequence currents is in phase with the negative 
sequence current and adds to it arithmetically. Thus 

pag Kes al! oA 
L: csievon weeeee On (= x45) = 4600 amperes 
(isolated legs) 

The neutral shift of the auto-transformer is due to 
the resistor drop, 6470 volts. Since the generator 
carries no zero sequence currents, its neutral may be 
taken as of the same order of potential as the auto- 


Tyastare 
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transformer neutral, namely, 6470 volts. The limiting 
voltages to ground will then be, ignoring regulation, for 
the low-voltage lines (6470 + 6920), or 13,390 volts; 
and, for the high-voltage lines, (6470 + 25,600 0.577) 
or 21,200 volts. 


CASE 9. (SEE DIAGRAM 9, TABLE [) 
Here the zero sequence network is very simple: 


Zo = 9 24 per cent 
300 
Lratt 0 = 70 4 < base = 4.26 < base 
= 7220 amperes 
4.26 
Drarecaey age y x base as 1.42 x 75,000 kv-a. 
(only zero 
sequence) 
= 5.68 X normal capacity. 
2 
Leduc: Ok 3 < base = 10,270 amperes 


(Positive and 
negative sequence 
only) 

As in the preceding case, the resultant of the positive 
and negative sequence components in the common 
winding, subtracts from the zero sequence component 
in the faulty phase, and adds to it in the other phases. 

2 alte Orr 
Leonaiie. won tore =7220(—= 3X qo =) = 8050 amperes 
(faulty phase) 

1 = 6 
L rencantmaews =7220(+5 3 <2 Sat =)- 51380 amperes 
(Phases II 

and III) 

The limiting voltages to ground will be the line-to- 
line voltages of the respective circuits, ignoring the 
regulation which of course will be large, so that the 
indicated upper limits have a very large (may even be 
considered too large) margin of safety. A closer esti- 
mate may be made as illustrated in the following case. 


CASE 10. (SEE DIAGRAM 10, TABLE I) 


This case is of particular interest in that it brings out 
clearly how effectively the possible inversion voltages 
are prevented by the presence of the tertiary delta 
winding on the auto-transformer. 

From a consideration of the zero-sequence impedance 
network, 


puree =) 125 +911.7 = 9 12.95 per cent 
24+4Z1+ 22 =7 12.95 + 7946.4 = 7 59.85 
300 
Fauve = x base = 5.06 *« base 


59.35 


= 8560 amperes 


The tertiary current is zero-sequence component 
only, and that flowing through the series winding. 
= (5.06/3) (18.6/25.6) x base 


= 0.895 X base = 8.58 X normal capacity 


J iertaarn 
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eal OAL 7 
Tiamat es =. S000 (> x 2 + =) = 15,000. amperes 
(faulty phase) 

The currents in the common windings are only 
positive and negative sequence components. Their 
resultant in the faulty phase is double that in the 
other phases. 
teeta 3. winding = 8560 < 0.667 X 13.6/12 = 6470 amperes 

Voltages. The generator terminal voltages may be 
obtained as follows: On the faulty phase, the resultant 
of the positive and negative sequence currents is 5.06 
0.667, or 3.387 times normal, and the zero sequence 
current is (5.06/38) (12/25.6) or 0.79 times normal. 

As the power factor may be considered zero, the drop 
will be parallel to the faulty phase. The regulation in 
terms of the low-voltage circuit, will then be 
Per. cent regulation = 3.387 x< 18.5 + 0.79 xk 5.7 

(Faulty phase) = 50 per cent 

The drop in the other phases will also be parallel to 
the voltage of the faulty phase, with magnitudes as 
follows: 

Positive and negative sequence 
= — 1.68 < 13.5 = — 22.7 per cent 


Zero sequence = + 0.79 X 5.7 = + 4.5 per cent 
Total reactive drop (Parallel to = — 18.2 per cent 
faulty leg) 


The vector diagram is shown in Fig. 5. 

The center of gravity of the generator line voltages 
corresponds to a leg voltage of 54.7 per cent of normal 
on the faulty phase; and, as the actual leg voltage is 
50 per cent, the nominal neutral of the low voltage ~ 
system is only 4.7 per cent from ground in terms of 
normal low-voltage leg voltage, that is, 325 volts. 
The other leg voltages of the low voltage system will 
be 90.7 per cent of normal. 

Considering the high-voltage side, the regulations on 
the three legs will be as follows: 

On the faulty phase: 
Positive and negative sequence atten 


= (5.06/38) 46.4 = 78.2 
Zero sequence drop = (5.06/38) 12.95 = 21.8 
Total 100.0 per cent 


This merely states that the line to ground voltage 
of the faulty line is reduced to zero, and is a check on 
the correctness of the computation. 

On the other phases, 
Positive and negative 


sequence drops = —. (5.06/3).20:a0. poo. 
Zero sequence drop = + (5.06/3) 12.95 = + 21.8 
Total — 17.3 


The voltages to ground as determined by these regu- 
lations, are shown in Fig. 5. Comparing this with 
Fig. 2, the radical transformation brought about by 
the tertiary delta winding becomes obvious. 
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Discussion 


I. H. Summers: Equivalent circuits are usually designed to 
represent networks involving mutual reactance by networks 
not involving mutual reactance for the purpose of simplifying 
calculation. There are several methods of accomplishing this. 

One of these is the ingenious method Mr. Boyajian uses in 
this paper, whereby the actual voltages and currents at the 
terminals are exactly the same as in the actual machinery. 
This method may be very valuable in certain cases. 


Another basis, more commonly used, is to allow all voltage 
transformations to be understood but not accomplished by the 
equivalent circuit. In this method a single two-winding trans- 
former without appreciable magnetizing current is represented 
by a single impedance, the voltage being the same on the two 
terminals at no load, but showing the correct per cent drop in 
per cent voltage at load. This method permits the use of the 
d-c. calculating table for a large class of complicated system 
problems. The other method involves a more complicated 
equivalent circuit. 


For purposes other than those for which the equivalent cir- 
euit proposed by Mr. Boyajian is especially adapted, it may in 
certain cases be more desirable to represent the zero phase 
sequence reactances of an auto-transformer by the second method 
as otherwise, in complicated circuits involving loops and other 
transformers connected Y-Y., it would be necessary to represent 
all the simpler transformers by the more complicated equivalent 
network of three branches, one of which is usually a large nega- 
tive value. This would often prohibit the extensive use of the 
d-c. calculating table which is usually possible with the other 
method, 


iy 
Nn 


Kia; 1 


‘The zero-phase-sequence equivalent circuit of an auto-trans- 
former is just as simple when made up according to the second 
method as when made up by the first method, and has the ad- 
vantage that it can be used with the ordinary known equivalent 
network for the other parts of the system and used with the d-ce. 
calculating table in complicated networks. Such an equivalent 
circuit has already been devised and published, perhaps some- 
what obscurely, in an appendix of a paper entitled Progress in the 
Study of System Stability... Since this is not a place in which 
one would ordinarily look for the development of an equivalent 
circuit for the zero-phase-sequence of an auto-transformer, I 
take this opportunity of citing the reference for those who wish 
to compare the methods or make use of the second method in 
more complicated system analyses. In cases where both methods 
are applicable, they give identical results. 

An interesting application of the method Mr. Boyajian uses 
is to make an equivalent circuit for an ordinary two-winding 
transformer when the ratio of transformation is not the same as 
the ratio of voltage bases used. This case often occurs when a 
transformer is provided with taps and is operated on a tap. which 
would give a voltage other than normal at no load. A familiar 
case occurs when two or more transformers are operated in 
parallel and have different ratios of transformations. Previously 


1. I. H. Summers and J. B. McClure, A. I. E. E. Quarterly 
Trans., Vol. 49, Jan. 1930, p. 132. 
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it has been common practise to use ecut-and-try methods to 
solve such a circuit. 

In Fig. 1, let 

é: be the rated voltage of transformer at no load on side 1 
divided by the base voltage of the system connected to side 1. 
Let e2 be a similar quantity on side 2. 

x, = rated transformer reactance on its own voltage and kv-a. 

base. 


Lt 


~ Rated transformer kv-a. System base kv-a. 


Then the following relations are evident 


ete ) 
eas €1 
a+b+c=0 (2) 
1 be 
= 3 
. er b+c (3) 
Combining (3) and (1) 
C=C1e22 (4) 
and further combining 
a= s €; 62 x (5) 
€2 — @1 
[= = €1 62x ’ (6) 
Ci = 12 


Thus, Equations (4), (5), and (6), determine the three branches 
of the equivalent circuit of Fig. 1. 

Use of this equivalent circuit makes the problem of trans- 
formers with different ratios operating in parallel, a simple, 
straightforward circuit problem, involving no cut-and-try 
procedure. It makes no difference if the transformer has an 
“out of phase’”’ tap. 

Thus for example ¢; = 1.0 and e. = 1.1 + 70.20 means that 
the transformer has a 10 per cent in-phase boost and a 20 per 
cent quadrature boost. 

In this case the equivalent circuit will contain both positive 
and negative resistances and reactances. However, this offers 
no analytic difficulty and the method leads to correct voltages, 
currents, and power factors by straightforward calculation. 

J. E. Clem: Institute papers are primarily presented to give 
information to aid industry in solving thé problems with which 
it is confronted. The paper by Mr.-A. Boyajian was written to 
show the effect of an auto-transformer with a tertiary winding 
on line to ground faults and would be of considerably more 
practical use if more of the theory of the equivalent circuit of the 
auto-transformer for zero phase sequence currents had been 
included. 


The equivalent network of an auto-transformer for zero phase 
sequence current can be easily built up from fundamental 
principles as follows. In Fig. 2 and Fig. 5 herewith is shown an 
auto-transformer with neutral grounded and a generator con- 
nected to the low-voltage lines L in Fig. 1, and to the high-voltage 
lines H in Fig. 4, and the fault occurs on the high-voltage lines. 
The zero phase sequence currents flow identically in both dia- 
grams. The currents in flowing from the neutral N to the higher 
voltage terminal H must overcome impedance of the total wind- 
ing between the points N and H with the tertiary winding as the 
secondary. This impedance is usually expressed as Zsc.; and 
for this problem must be given in ohms on the basis of total 
turns, that is (ms + m-). The applied voltage is the normal 
voltage to ground of the faulted line. 

In Fig. 3 and Fig. 6 the auto-transformer is shown with un- 
grounded neutral but the generator is grounded and the fault 
occurs on the other side of the auto-transformer from the generator. 
In each case the path of the zero phase sequence currents is 
through the series winding and the impedance to be overcome 


$20 


is the impedance of the series winding with the tertiary as 
secondary. This is usually expressed as Zs; and in this case it 
is to be given in ohms based on the turns in the series winding, 
that is on n;. The applied voltage is the normal voltage to 
ground of the faulted line. 

In Fig. 4 and Fig. 7, the auto-transformer is shown as neutral 
grounded and the fault occurs on the low-voltage lines. In 


Fig. 4 


each case the path of the zero phase sequence currents is through 
the common winding and the impedance to be overcome is the 
impedance of the common winding with the tertiary as secondary. 
This is usually expressed as Z,, and for this problem is to be given 
in ohms on the basis of the turns in the common winding, that 
is n-. The applied voltage is the normal voltage to ground 
of the faulted line. 

A little consideration will show that the impedance offered by 
an auto-transformer to zero phase sequence currents involves no 
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transformation from one circuit to another but is in the nature of 
a series reactance coil with short circuited secondary. For each 
of the three paths through the auto-transformer the tertiary 
serves as the short circuited secondary. Since these zero phase 
sequence impedances are series impedances the equivalent net- 
work should initially be expressed in the form of natural ohms, 
that is, on the basis of the turns of the winding through which 


Miers ¥f 


the current flows. Once the network has been worked up in 
this manner the ohmic values should then be transferred to 
percentage values, basing the percentages upon the voltage of 
the circuit that is faulted. 

An equivalent network for the zero phase sequence impedances 
of an auto-transformer was given in the paper by Summers and 
McClure.! This network is practically the ordinary equivalent - 
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circuit diagram of an auto-transformer with an allowance made 
for an impedance between the neutral of the auto-transformer 
and ground. The equivalent network as worked out in Figs. 2 
to 7 is shown in Fig. 84, and the Summers and McClure network 
is shown in Fig. 9. 

If the neutral of the auto-transformer is solidly grounded each 


Equivalent Circuit 
Fie. 8 


N 
i) 
I 


1 

= S (Zsc — Zen + Zns) 
1 

Ze = Gi (Zen — Zns + Zac) 


1 
2 (Zns — Zsce + Zen) 


N 
3 
ll 


Zsc = Zstin ohms based on ns 
Zen = Zct in ohms based on n¢ 
Zns = Zsc-t in ohms based on (ns + ne) 


1 
G (Zst — Zet + Zsc-t) 


Lig: WS 
1 
Zo = 2 (Zet — Zscet + Zst) 
1 
Zn = q Zaert — Zst + Zet) ° 


Fie. 9 


“Wig. 32a—Tue EQUIVALENT CIRCUIT FOR THE ZERO-PHASE 


IMPEDANCE OF AN AUTOTRANSFORMER 


Xseet + Xct — Xscec 


— 2 0 Ke Xn (72) 
6b = Xgcet + K,* G5 1, (73) 
a Xet =e Xn 1G (74) 


Where K, is voltage in the common winding divided by voltage in the 
series plus common windings and X, is expressed on the low voltage 
base.”’ 

The following simplification is suggested. 


1 Hype Ss 
a 2 (Xtc — Xeese + Xsc-t) + ne Xn 

AY : Ne Ng 
b = Ss (Xsceet — Xtc + Xeesce) — ne n 


1 Ng 
a= ry (Xeese — Xscet + Xtc) + Xn 
Nt 


network gives the same impedance for the path between the 
neutral and the high-voltage or the low-voltage lines. For the 
path between the high-voltage terminal and the low-voltage 
terminal (neutral ungrounded) the Boyajian diagram gives the 
zero phase sequence impedance as the natural impedance be- 
tween the series and tertiary winding while the other diagram 
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seems to give it as the impedance between the series common and 
common windings, to which is added a factor which brings in 
the effect of the neutral grounding impedance. However, this 
apparent inconsistency results only if the diagram is interpreted 
to mean that the branch c is disconnected when the neutral is 


0.82% 1.89% 12% 


34% «27% 582% 
10.48% 


6.3% 


252% 16.18 


= 22.23% eoed 
Kg = sat 5930 


Xg= 15.04 = 22.95% 


32.11 16.78 


XK, = 1139+ BAX Bal _ sy 655, 
0 48.89 


101.42 


= 31.54% 


Xo = 2052+ 


Fie, 12 


ungrounded. If the neutral of the auto-transformer is un- 
grounded Z, becomes infinite and it seems that the impedance 
for the path between the high-voltage and low-voltage lines 
should therefore become infinite. Such is not the case, however, 
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as can be demonstrated from Equation (67) in the Summers and 
McClure paper. It is evident that when the Summers and Mce- 
Clure diagram is used the branch c must always be considered as 
connected to ground regardless of whether or not the neutral 
is ungrounded. 

To show the equivalence of the two methods the zero sequence 
impedance for the cireuit shown in Fig. 10 has been worked out 
by both methods and the results given in Figs. 11 and 12. 

A. Boyajian: A given circuit representation may not neces- 
sarily be the only possible or the most convenient one for all 
purposes, and the scheme presented in this paper was not so 
intended. Every calculator will have to choose the method 
which serves his particular purpose best. However, in making 
this choice his greater familiarity with one of the methodsislikely 
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to be the determining factor. This latter factor is very powerful, 
and accounts for the slowness with which the profession has 
been adopting such excellent methods as, for instance, the 
“Method of Symmetrical Components” and the leanaes te 
Operational Calculus.” 

Mr. Clem’s comment that a more complete discussion of the 
theory would have made the paper more useful is probably true. 
But authors are always faced with the unpleasant but necessary 
job of pruning their papers down to the ever diminishing limits 
set by the Institute publications committee, and in the present 
case advantage was taken of the fact that a very thorough dis- 
cussion of the theory was published in the General Electric Review 
for Feb. 1929, pp. 110-126, reference to it being given in a foot- 
note in the present paper. 
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